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Abstract 
 
The last interglacial period (Marine Isotope Stage [MIS] 5e) from 130 to 117 thousand 
years ago (ka) was as warm as or warmer than the present, and it is relevant to 
understanding the possible effects of recent global warming. In this study, I used 
radiolarian assemblages in three sediment cores to reconstruct marine vertical structures 
in the northwestern Pacific Ocean during the last interglacial period. The sediment cores 
were collected off Kochi (MD012422; 32.1°N, 133.9°E), Kashima (MD012421; 36.0°N. 
141.8°E), and Shimokita (C9001C; 41.2°N, 142.2°E). As an indicator of the surface water 
masses, I estimated Sea Surface Temperature (SST) using the ratio of warm-water to the 
total of warm- and cool-water radiolarian species (Tr) and a transfer function. As an 
indicator of cold, oxygen-rich intermediate waters related to seasonal sea-ice formation at 
high latitudes, I used the relative abundance of Cycladophora davisiana. 
The relative abundance of Stylochlamydium venustum was markedly low in core C9001C 
during interglacial periods (MIS 5e and MIS 1), and in cores from the Japan Sea, S. 
venustum was also absent or rare in MIS 5 and MIS 1 (Itaki et al., 2007). This low 
abundance of S. venustum indicates that the Tsugaru Warm Current, in which S. 
venustum was rare, flowed from the Japan Sea to the region off Shimokita during 
interglacial periods. During the glacial sea level low stand, however, the Tsushima Strait 
was closed. As a result, the Tsushima Warm Current and the Tsugaru Warm Current were 
not generated, and warm currents did not reach the C9001C core site off Shimokita. 
The estimated SSTs indicated that during late MIS 6 (glacial) to MIS 5e transitional 
surface waters off Kashima were replaced by subtropical waters, subarctic waters off 
Shimokita were replaced by transitional waters, and the surface waters off Kochi 
remained subtropical waters. Furthermore, the relative abundances of C. davisiana 
decreased by 7%, 19%, and 42% in the regions off Kochi, Kashima, and Shimokita, 
respectively, during this period. These decreases suggest that reductions of cold, 
oxygen-rich waters at intermediate depths occurred at the three core sites in association 
with weakened ventilation at high latitudes in the North Pacific. Subtropical surface 
waters off Kashima were replaced by Kuroshio Extension Front (KEF) waters between 
late MIS 5e and early MIS 5d (stadial), whereas the surface waters off Kochi and 
Shimokita did not change. During this period, the relative abundances of C. davisiana 
increased by 4%, 13%, and 18% in the regions off Kochi, Kashima, and Shimokita, 
respectively. These increases suggest that ventilation at high latitudes was again 
becoming active. Cold, well-ventilated intermediate waters had a greater influence at the 
core sites during late MIS 6, however, than during early MIS 5d. 
Differences in the SSTs were larger at higher latitudes between late MIS 6 and early MIS 
5d. Changes in summer insolation, which may drive the glacial–interglacial cycles, are 
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also larger at higher latitudes (Broecker and Denton, 1989). These two findings suggest 
that changes in insolation of the sea surface cause the SST differences to be larger at 
higher latitudes. Differences in the influences of well-ventilated intermediate waters were 
also larger at higher latitudes between late MIS 6 and early MIS 5d. This result suggests 
that during the glacial period, cold, well-ventilated intermediate waters were more 
influential at higher latitudes, nearer to the area of active ventilation. 
The late MIS 6 to MIS 5e warming took place ~1000 years earlier in intermediate waters 
than in surface waters in the region off Kashima. This intermediate water probably 
originated from ventilation in high-latitude seas. These findings imply that early signals 
of global climatic change should be observed in high-latitude seas. 
 
Keywords: submarine sediment core; radiolarians; northwestern Pacific Ocean; last 
interglacial; surface water mass; well-ventilated intermediate water 
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1. Introduction 
 
Global warming, generally attributed to anthropogenic discharges of greenhouse gases, 
adds another dimension to natural variability during the very recent past, the present, 
and the immediate future. To estimate the influence of this warming, and to distinguish it 
from natural variability, it is important to understand the temporal and spatial pattern of 
the environmental effects of warming at the Earth’s surface. One way to acquire this 
understanding is to study changes in the environment during the last interglacial period 
(130 thousand to 117 thousand years ago [ka]), when anthropogenic warming was not a 
factor. Because most environmental index microorganisms lived abundantly in the water 
column and seafloor sediment during the last interglacial, it is possible to obtain reliable 
and precise information. The last interglacial period was as warm as or warmer than the 
present. For example, mean air temperatures may have been 2–2.5 °C higher than at 
present in Europe (van Andel and Tzedakis, 1996), ~6 °C higher in Antarctica (Watanabe 
et al., 2002), and 2–3 °C higher in North America (Frenzel, 1992). 
Previous paleoclimate studies have reported that the last interglacial period was not 
consistently warm, and various models have been proposed to explain climate change 
during this period. Evidence of cyclical changes exists in, for example, Greenland ice core 
data (Greenland Ice-core Project Members, 1993), the pollen record in lake sediments from 
southwestern Germany (Müller et al., 2005), and the ice-rafted debris record from a North 
Atlantic sediment core (Bond et al., 2001). Moreover, sedimentological changes in loess in 
central China suggest that an intense cold event occurred at roughly 121 ka during the 
last interglacial period (Zhisheng and Porter, 1997). With regard to the Japanese Islands, 
pollen records of sediment cores from Lakes Biwa (Miyoshi et al., 1999) and Suwa (Oshima 
et al., 1997; Miyoshi et al., 1999) indicate that the last interglacial climate was mild and 
wet in winter and cool and wet in summer. 
Oceans accumulate most of the solar energy that reaches the Earth, because the heat 
capacity of water is higher than that of rocks or air, and because oceans occupy 70% of 
Earth’s surface. Thus, the ocean circulation transports much heat energy. The 
accumulation of solar energy in the ocean significantly influences continental climate 
changes through energy exchanges between the atmosphere and ocean. One example is El 
Niño–Southern Oscillation (ENSO), which sea level atmospheric pressure and Sea Surface 
Temperature (SST), which follow contrasting patterns in the eastern and western Pacific, 
oscillate on a decadal cycle (Schwing et al., 2002).  
Geological studies have suggested that longer term atmospheric–ocean interactions also 
occur. Paleoenvironmental indices derived from ice cores and marine sediment cores 
indicate synchronous glacial–interglacial changes on a ~10-kyr cycle. These results 
suggest that changes in the ocean and atmosphere are linked (e.g., Broecker and Denton, 
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1989). Yamamoto et al. (2004) compared alkenone SSTs from core MD012421 from the 
northwestern Pacific (36.0°N, 141.7°E) with those from core ODP 1014 from the 
northeastern Pacific (32.8°N, 118.9°E) and observed orbital-scale anti-phase variations 
between the two cores (Fig. 1). These anti-phase variations imply that an ENSO-like 
variability influenced mid-latitude SSTs on a precessional timescale during the period 
from the last interglacial to the last glacial (117 to 12 ka) (Yamamoto et al., 2004). A pollen 
analysis of the MD012421 core showed that the summer monsoon was stronger during 
121–117, 115–89, 80–70, and 4–1 ka than at present, and northward shifting of the 
strengthened Kuroshio Current during these periods may have increased precipitation in 
central Japan (Igarashi and Oba, 2006). 
Marine sediment cores play an important role in reconstructions of the marine 
environment: 1) they generally provide a continuous sedimentary record; 2) they include 
various microfossils and chemical components and thus can provide multiple proxies for 
paleoenvironmental changes; 3) they generally offer multiple options for precise dating 
using, for example, microfossils, paleomagnetism, foraminiferal oxygen isotopes, and 
tephras. Long cores collected from regions where the sedimentation rate is rapid provide 
opportunities for analyzing changes in climate and the marine environment during the 
last interglacial period at high resolution. 
The aim of this thesis is to reconstruct the paleoceanography during the last interglacial 
period in the northwestern Pacific. Marine sediment core MD012421, from a site off 
Kashima, records climatic changes during the last 144 kyr (Oba et al., 2006), and marine 
sediment cores MD012422, from a site off Kochi, and C9001C, from a site off Shimokita, 
record climatic changes during the last 339 kyr and 742 kyr, respectively (Ikehara et al., 
2006; Domitsu et al., 2011). The marine environmental changes during the last 
interglacial period recorded in these cores have not yet been analyzed in detail. 
Radiolarians are marine planktonic organisms with opaline skeletons that are preserved 
in sediments. They live at various depths in the water column, including in surface, 
intermediate, and deep waters. Therefore, their skeletons can be used to estimate the 
vertical water mass structure of past oceans. I studied radiolarian assemblages from cores 
MD012421, MD012422, and C9001C to reconstruct changes in the vertical water mass 
structure during the last interglacial period. 
 
 - 3 - 
 
 
Fig. 1. Comparison of the alkenone Sea Surface Temperatures (SSTs) from core MD012421 from 
the northwestern Pacific with those from core ODP 1014 from the northeastern Pacific during 
the last 144 kyr (Yamamoto et al., 2004). Arrows point out remarkable anti-phase relations 
between the cores. 
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2. Northwestern Pacific Ocean 
 
2.1. Surface water masses 
 
The Kuroshio Current consists of the northwestern part of the subtropical gyre, and 
carries warm, saline water to the north. The western subtropical gyre region is influenced 
by the East Asian monsoon. The East Asian monsoon carries warm and humid airs from 
on the subtropical gyre to the Japanese Islands and the inside of a continent, and exerts a 
influence on the climates of East Asia. The Oyashio Current is the western component of 
the subpolar gyre, and carries cold, low-salinity water to mid-latitudes. After meeting, the 
Kuroshio and Oyashio Currents turn eastward to form the Kuroshio Extension and 
Subarctic Current, respectively. The origin of the Tsugaru Warm Current is in the 
Tsushima Warm Current which branches from the Kuroshio Current and extends 
northward to the Japan Sea. The warm saline Tsugaru Warm Current enters the northern 
Pacific Ocean through Tsugaru Strait. 
The Kuroshio Extension Front (KEF), along the northern edge of the Kuroshio Extension, 
separates the transitional and subtropical zones. The transitional zone is bounded to the 
north by the subarctic zone, and the boundary is called the Subarctic Front (SAF). The 
KEF and the SAF correspond to the 12 and 5 °C isotherms at 300-m depth (Mizuno and 
White, 1983; Zhang and Hanawa, 1993). The subtropical zone is occupied by oligotrophic, 
high-saline (34.5–35.2 psu at the surface), warm water with minor seasonal changes in 
temperature and salinity. The transitional zone is intermediate in character between the 
subtropical and subarctic zones. The subarctic zone is characterized by low-saline 
(33.0–33.5 psu at the surface), cold water and is highly productive. The meridional SST 
gradient in the area where the Kuroshio and Oyashio Currents mix is the strongest in the 
North Pacific. The intensities of the Oyashio and Kuroshio Currents are controlled mainly 
by the distribution of atmospheric pressure over the northwestern Pacific. 
The three sediment cores analyzed in this study were collected in the northwestern 
Pacific Ocean off Japan (Fig. 2). Core MD012422 was collected off Kochi, where the 
Kuroshio Current flows east–northeastward, parallel to the southern margin of the 
Japanese Islands. Core MD012421 was collected off Kashima, where the Kuroshio 
Current meets the Oyashio Current. Core C9001C was collected off Shimokita, where the 
Oyashio Current meets the Tsugaru Warm Current. 
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Fig. 2. Sample locations and oceanographic setting. 
 
 
 
2.2. Intermediate water 
 
The water mass with minimum salinity at depths of 300–800 m in the North Pacific 
subtropical gyre (Talley, 1991) is called North Pacific Intermediate Water (NPIW). The 
water mass with minimum salinity at depths of 300–800 m with a potential density range 
26.7−26.9 kg m–3 in the North Pacific subtropical gyre (Talley, 1991; Fig. 3) is called North 
Pacific Intermediate Water (NPIW). The NPIW cross-sectional area varies largely with 
several years (Fig. 4; Nakano et al., 2005). The NPIW transports oxygen and CO2 to the 
intermediate depths (Yasuda et al., 2002). Salinity on 26.8 kg m–3 surface is the lowest 
from the Sea of Okhotsk to the western Bering Sea and become higher to the south (Fig. 5). 
Therefore, the origin of the NPIW is thought to be in the low-salinity, cold intermediate 
water at depths of 200–1000 m in the Sea of Okhotsk (Yasuda, 1997). This intermediate 
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water is referred to as Okhotsk Sea Intermediate Water (OSIW), and is characterized by a 
low temperature (1.8–2.3°C), low-salinity (33.4–34.3 psu), and high oxygen content 
(134–223 µmol kg–1), which includes the temperature maximum layer (Fig. 6; Freeland et 
al., 1998). The OSIW has nearly no seasonal changes in temperature and salinity 
(Nimmergut and Abelmann, 2002). In the Sea of Okhotsk, zooplankton and fish show high 
concentrations in summer at depths of 200–500 m in the OSIW (Hays and Morley, 2003). 
The OSIW originates from the ventilation of the dense shelf water produced by brine 
rejection during the formation of seasonal sea ice and super cooled polynyas in the 
northwestern continental shelf of the Sea of Okhotsk (Martin et al., 1998). As the OSIW 
flows out mainly through Bussol’ Strait during the Kuril Islands into the deep part of the 
Pacific Ocean (Talley, 1991), it mixes with the subpolar intermediate water. The combined 
water flows southward and mixes partly with the overlying Kuroshio Extension, forming 
NPIW. 
 
 
 
 
 
Fig. 3. Salinity (psu) section along a line in a small map (Freeland et al., 1998). Pressure (dbars) 
of vertical line nearly corresponds to depth (m). A shaded area shows the salinity minimum 
layer. Dashed lines indicate temperatures (°C) and the bold lines mark potential densities (kg 
m–3). 
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Fig. 4. Salinity (psu) sections at 137°E for periods of the NPIW core size maximum (right) and 
minimum (left) (Nakano et al., 2005). Area of salinity < 34.2 psu is shaded. Dotted line shows 
potential density of 26.8 kg m–3. 
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Fig. 5. Map of salinity (psu) on the potential density surface of 26.8 kg m–3 (Nakano et al., 2005). 
Solid contour lines show an interval of 0.1 psu, and dashed contour lines show an interval of 
0.02 psu. 
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Fig. 6. (a–c) Distribution of properties along a line (solid triangles and circles) of map (d) 
(Freeland et al., 1998). The upper panel of each property shows the top 200 dbar of the water 
column, and the lower panel, the 0–3400 dbar. The plots represent temperature (°C; a), salinity 
(psu; b), and dissolved oxygen concentration (µmol kg–1; c). 
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3. Last interglacial period 
 
3.1. Glacial–interglacial changes and the last interglacial period 
 
The last interglacial period (130 to 117 ka) which is main target of this study was as 
warm as or warmer than the present (e.g., Frenzel, 1992; van Andel and Tzedakis, 1996; 
Watanabe et al., 2002.). Oxygen isotope during the last 250 kyr was reconstructed from 
the Summit ice core, Greenland (Dansgaard et al., 1993). Oxygen isotope, atmospheric 
temperature, and greenhouse gasses during the last 420 kyr were constructed from the 
Vostok ice core, Antarctica (Petit et al., 1999). These results of the ice cores revealed 
100-kyr cold–warm cycles (glacial–interglacial cycles). 
Studies of foraminiferal oxygen isotopes in sediment cores from the Pacific, Atlantic, and 
Indian Oceans revealed 100-kyr glacial–interglacial cycles during the last 800 kyr (Imbrie 
et al., 1984; Lisiecki and Raymo, 2005). These 100-kyr cycles were asymmetrical having 
rapid warming and slow cooling. The standard oxygen isotope curves (LR04 curve; Lisiecki 
and Raymo, 2005, SPECMAP curve; Martinson et al., 1987) are shown in Fig. 7. The 
SPECMAP curve contains δ18O from 5 cores at the Pacific, Atlantic, and Indian Oceans 
and covered 290 kyr (Martinson et al., 1987). The LR04 curve contains δ18O from 57 cores 
and covers 5.3 Myr (Lisiecki and Raymo, 2005). Warm and cold periods obtained from the 
standard oxygen curve have been subdivided into Marine Isotope Stage (MIS), and the 
boundaries correspond to rapid changes of the oxygen isotope ratio. MIS of the cores used 
in this study were obtained from the correlation between δ18O records of cores MD012422 
and MD012421 and the SPECMAP curve (Ikehara et al., 2006; Oba et al., 2006), and 
between δ18O records of core C9001C and the LR04 curve (Domitsu et al., 2011). In order 
to compare the results of three cores, I changed MIS obtained from the SPECMAP curve 
into MIS obtained from LR04 curve in cores MD012422 and MD012421 (Chap. 6). 
Full glacial conditions prevailed in MIS 6 (from ca. 160 ka to before 130 ka). Rapid 
warming followed, and interglacial conditions were prevalent during MIS 5e (130 to 117 
ka) (Fig. 7). In this study, the last interglacial period corresponds to MIS 5e. The last 
interglacial period is obviously warm period in which the both isotopic ratios are high. 
After the last interglacial period, the last glacial period (117–10 ka) started. Full glacial 
conditions prevailed at 20 ka that is referred to as the Last Glacial Maximum (LGM). 
Rapid warming occurred to the current postglacial period from 10 ka to the present. Thus, 
the present warm period is interglacial period after the last glacial period. 
Imbrie and Imbrie (1980) made a model from orbital control of irradiation and glacial 
growth and melting, and reconstructed environmental change during the past 150 kyr and 
predicted future change. Otto-Bliesner et al. (2006) simulated the last interglacial climate 
from a global climate model, a dynamic ice sheet model, and paleoclimatic data. They 
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suggested that summer insolation was rising at high-latitude Northern Hemisphere 
during the last interglacial period and glacial melting at high latitude amplified warming. 
It is important to derive past environmental information in order to make such models. 
 
 
 
 
 
Fig. 7. Glacial–interglacial ranges shown on the standard oxygen isotope curves, (a) the LR04 
curve (Lisiecki and Raymo, 2005) and (b) the SPECMAP curve (Martinson et al., 1987). Shaded 
area in the MIS and the 100-kyr glacial–interglacial cycles are colder and glacial states. White 
areas are warmer and interglacial states. 
 
 
 
3.2. Previous study 
  
A short distinctive warming constitutes the transitions from the glacial to the interglacial 
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period, i.e., MIS 6–5e and MIS 2–1 (Fig. 7). Vostok ice core, recovered at East Antarctica, 
indicates that temperature rise that calculated from δD reached 6–7 °C, and that 
concentration of CO2 increased by 40% (Jouzel et al., 1993). During the interglacial periods, because 
of iron deficiency, phytoplankton growth may have been reduced, and atmospheric CO2 increased. 
Increase of CO2 is remarkably influenced by abyssal circulation and productivity in ocean, and 
global temperature might rise rapidly by positive feedback (Martin, 1990). 
Studies in several regions have suggested that the last interglacial period was globally warm state. 
Air temperature during the last interglacial period in Europe was estimated from plant and beetle 
fossils to be 1–4 °C warmer than the present one (van Andel and Tzedakis, 1996), global sea-level 
during the last interglacial were estimated from foraminiferal oxygen isotope ratio to be 2–12 m 
higher than the present (van Andel and Tzedakis, 1996). The air temperature during the last 
interglacial optimum (~130 ka) in East Antarctica was the warmest during past 320 kyr and ~6 °C 
warmer than the present one (Watanabe et al., 2002).  Air temperature during the last interglacial 
in eastern North America was estimated from paleobotanical record to be 2–3 °C warmer than the 
present one (Frenzel et al., 1992). Sea Surface Temperature (SST) during the last interglacial in 
North Atlantic Ocean was estimated from planktonic foraminiferal assemblages and Mg/Ca to be 
~2 °C warmer than the present one (Kandiano et al., 2004). SST during the last 
interglacial in western Pacific Ocean was estimated from alkenones to be ~1.1 °C warmer 
than the present one (Zhou et al., 2007). Temperatures of deep sea water during the last 
interglacial in North Atlantic and Southern Ocean were estimated from oxygen isotope of 
benthic foraminifera to be ~ 0.4 °C warmer than the present one (Duplessy et al., 2007). 
 The last interglacial period was not consistently warm. Sedimentological changes in 
loess in central China suggest that an intense cold event occurred during the last 
interglacial at roughly 121 ka (Zhisheng and Porter, 1997). Previous paleoclimate studies 
of the last interglacial have presented evidence of cyclical changes. Data from a Greenland 
ice core show three warming periods and two cooling periods at intervals of several 
thousand years (133 to 114 ka), possibly due to changes of intensity of the North Atlantic 
current (Greenland Ice-core Project Members, 1993). The pollen record in lake sediments 
from southwestern Germany (Müller et al., 2005) and the ice-rafted debris record from a 
North Atlantic sediment core (Bond et al., 2001) show that cold events recurred at 
intervals of ~1.5 kyr (126 to 110 ka). These cold events derived from the pollen record 
during the Holocene as well as the last interglacial period suggests cyclic changes appear 
to be a persistent feature of interglacial climates, increasing the likelihood that similar 
cycles will occur in the future (Müller et al., 2005). 
 With regard to the Japanese Islands, pollen records of sediment cores from Lakes Biwa 
(Miyoshi et al., 1999) and Suwa (Oshima et al., 1997; Miyoshi et al., 1999) have shown 
that the last interglacial climate was mild and wet in winter and cool and wet in summer. 
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4. Paleoceanography in the northwestern Pacific 
 
The convergence zone of the Kuroshio and Oyashio Currents might have migrated 
southward and/or northward in response to past climate change. 
Chinzei et al. (1987) investigated four microfossil assemblages and oxygen isotopes of 
foraminiferal tests at average temporal resolutions of ~500 yr in cores C–4 (33.2°N), C–6 
(34.7°N), and C–1 (36.3°N) (Table 1, Fig. 8). They recognized the northward movements of 
the Kuroshio Front (KEF) over the core sites of C–4, C–6, and C–1 at 13, 10, and 7 ka, 
respectively, and KEF retreated to the present area after 5.5 ka. 
Labeyrie et al. (1990) reported that the northward migration of the polar front (SAF) 
started at 12.5 ka and the present oceanographic condition was established at 10 ka, from 
comparison of oxygen and carbon isotopes of foraminifera between cores CH84–04 and 
CH84–14 (Table 1, Fig. 8). 
Yamane and Oba (1999) examined planktonic foraminiferal assemblages in core LM–8 off 
Sanriku in Northeast Japan (Table 1, Fig. 8), and documented the strong influence to this 
core site by the warm water mass derived from the Kuroshio Current during MIS 5a and 
MIS 1, and the southward movement of the Oyashio Current to this core site during MIS 4 
and MIS 2. 
In the east of the sea around Japan, several long piston cores that reach the last 
interglacial period were retrieved and analyzed. The sediment core (MD012421) from a 
site off Kashima (Table 1, Fig. 8), that records climatic changes during the last 144 kyr 
(Oba et al., 2006). Data from planktonic foraminifera suggested that water mass 
conditions at the core site during the last interglacial period were similar to conditions in 
the Kuroshio Current south of Hamamatsu (33°N) off Southwest Japan today (Niimura et 
al., 2006). Examination of calcareous nannofossil assemblages (Aizawa et al., 2004) and 
diatom assemblages (Koizumi et al., 2004) have indicated that the Kuroshio Current had a 
stronger influence on the core site during the last interglacial period than at present. The 
SSTs during the last interglacial period, estimated from oxygen isotopes of planktonic 
foraminiferal tests, reached 22 °C, considerably higher than the present SST (18 °C) at the 
core site (Oba et al., 2006). The pollen analysis results of core MD012421 (Igarashi and 
Oba, 2006),similar to the Lakes Biwa and Suwa sediment cores, indicates that the last 
interglacial period was characterized by mild, wet winters and cool, wet summers (Oshima 
et al., 1997; Miyoshi et al., 1999). From diatom assemblages in three marine sediment 
cores MD012421 (141.8°E), MR02–03–2 (146.0°E), and MR99–04–3 (152.0°E) (Table 1; Fig. 
8), the northwestern Pacific SSTs during the last interglacial period were higher than 
present SSTs, and differences of SSTs between the last interglacial and the present were 
larger toward the coast (Koizumi, 2009). 
During glacial periods, the vertical water mass structure of the high-latitude North 
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Pacific was similar to the one in the modern Sea of Okhotsk (Hays and Morley, 2003), and 
cold and well-oxygenated intermediate water similar to the OSIW was formed in the 
Bering Sea and flowed southward. This glacial intermediate water is called Subarctic 
Pacific Intermediate Water (SPIW; Ohkushi et al, 2003). 
 
 
 
Table 1 Information on cores collected in the northwestern Pacific. 
Core Latitude (°N) Longitude (°E) Water depth (m) Core length (cm) Core bottom age (ka) 
C−4 33.15 137.70  3343  245  35 
C−6 34.72 140.55  2020  510  25.5 
C−1 36.27 141.53  1545  240  12 
CH84−04 36.77 142.22  2630  540  19.1 
CH84−14 41.73 142.55  978  700  15.24 
LM−8 38.88 143.37  2353  788  90.2 
MD012421 36.02 141.78  2224  4582  144 
MR02−03−2 36.01  146.00  5712  1819  150 
MR99−04−3 37.50  152.00  5848  1876  148 
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Fig. 8. Core locations used in this study (star) and previous studies (circle). 
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5. Radiolarians 
 
5.1. Radiolarians as environmental indices 
  
 Radiolarians used in this study belong to the orders Spumellaria and Nassellaria, 
domain Eukarya, supergroup Rhizaria, phylum Radiolaria, and subphylum Polycystina. 
Radiolarians are marine planktonic protozoans that first appeared in the early Paleozoic 
and also live in the modern ocean. Living radiolarians produce radial pseudopodia. They 
produce mainly by cell division and budding, but sometimes form zoospores. They have 
soft bodies composed of protoplasm and an opaline skeleton. Their opaline skeletons 
preserved as microfossils, can be used for paleontological analyses. Because the shapes of 
radiolarian skeletons have changed in space and time throughout Earth’s history, 
radiolarians are frequently used as index fossils in biostratigraphy and for geologic 
correlations. 
Assemblages of radiolarians consist of characteristic species that are specific to 
particular oceanic provinces and different marine environments. Therefore, changes in 
radiolarian assemblages can be used to infer past marine environmental change. 
Compared with other microfossils that can be used to reconstruct past marine 
environments, including foraminifera, calcareous nannofossils, diatoms, dinoflagellates, 
and silicoflagellates, radiolarians have the following advantages. 
1) Because of their worldwide distribution, radiolarians can be used as environmental 
indices in global oceans. 
2) Because many recent studies of horizontal and vertical radiolarian distributions are 
available, detailed environmental signals can be detected. 
3) Opaline radiolarian skeletons are well preserved in deep submarine sediments, 
unlike calcareous fossils such as foraminiferal tests, which dissolve below the 
carbonate compensation depth. 
4) Different radiolarian species live in surface, intermediate, and deep ocean layers. 
Thus, their skeletons are useful for estimating the vertical water mass structures of 
the water column in times past. 
 
5.2. Radiolarian indices of marine environments 
 
Knowledge of the distribution of modern species with known habitats is useful for 
estimating paleoceanographic environments from microfossil assemblages, but there are 
certain problems with such paleoceanographic estimations. First, modern observed 
oceanographic values are based on measurements made over several decades, whereas 
microfossil assemblages in marine sediments represent information averaged over periods 
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of more than 100 years. Second, microfossil assemblages preserved in marine sediments 
differ from assemblages distributed in the water column, because dissolution and physical 
destruction of microbial bodies occurs during sedimentation. Third, because of 
evolutionary changes, the ecology of species might not be constant through time. 
The following three methods are mainly used to estimate past water temperatures from 
distributions of organisms. (1) An index species is chosen for each climatic zone, and the 
paleoclimatic zone is then estimated qualitatively from the relative abundance of the 
index species. (2) Index species are classified into warm- and cool-water species, and the 
ratio of the two types of species is calculated as the fossil temperature index. 3) Transfer 
functions are derived by performing regression analyses of microfossil assemblages 
against observed water temperature. In this study, I use methods (1) and (2), and these are 
described further below. 
The fossil temperature index, which is the ratio of warm-water species to the total of 
warm- and cool-water species in a sample, has been used in many studies of the 
northwestern Pacific. Kanaya and Koizumi (1966) first introduced this method to 
reconstruct SST from diatoms, and it was later applied to the assemblages of calcareous 
nannofossils, diatoms, and planktonic foraminifera in core MD012421 (Aizawa et al., 2004; 
Koizumi et al., 2004; Niimura et al., 2006). With this method, a few species and a simple 
equation can be used to reconstruct water temperatures. However, the applicable range of 
the method is limited because the fossil temperature index is not linearly correlated with 
SST, and the sensitivity of the index differs among different water masses. 
Transfer functions are derived by performing regression analyses of water temperature 
against the abundances of characteristic species. These characteristic species are selected 
from surface sediment assemblages by cluster and factor analyses. Imbrie and Kipp (1971) 
established this method by performing a Q-mode factor analysis of Atlantic core-top 
planktonic foraminiferal assemblages and then deriving a transfer function. Transfer 
functions were used to construct a global SST map for the LGM (CLIMAP Project 
Members, 1976). Subsequently, transfer functions have been derived for different regions 
by using various microfossils (e.g., Heusser and Morley, 1996; King, 1996; Kamikuri et al., 
2008). For example, Niimura et al. (2006) derived a transfer functions were for the 
planktonic foraminiferal assemblages in core MD012421. Optimal transfer functions must 
be derived separately for each region because different species occur in different regions. 
In this study, the selection of characteristic warm- and cool-water species (Plates 1 and 2, 
respectively) was based on the latitudinal distribution of radiolarians along the 175°E 
meridian (Motoyama and Nishimura, 2005). Five taxa that are abundant at low latitudes 
were selected as characteristic warm-water species: warm collosphaerids (i.e., all 
collosphaerids except Acrosphaera arktios (Nigrini)); Didymocyrtis tetrathalamus 
(Haeckel); Euchitonia spp.; Dictyocoryne spp.; and Octopyle stenozona Haeckel–Tetrapyle 
octacantha Müller. Five dominant taxa that are abundant at high latitudes were selected 
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as characteristic cool-water species: Stylochlamydium venustum (Bailey); 
Pseudodictyophimus spp.; Pterocanium korotnevi (Dogiel); Stylodictya validispina 
Jørgensen; and Larcopyle buetschlii Dreyer. The selected warm-water species are most 
abundant in tropical to subtropical zones, whereas the cool-water species are dominant in 
transitional to subarctic zones (Lombari and Boden, 1985; Motoyama and Nishimura, 
2005; Kamikuri et al., 2008). All selected species live in surface waters at 0–300 m (Kling, 
1979; Kling and Boltovskoy, 1995; Yamashita et al., 2002; Ishitani et al., 2008; Tanaka and 
Takahashi, 2008; Table 2). In this study, the radiolarian temperature index (Tr) is defined 
using the above-mentioned five warm-water (w) and five cool-water taxa (c) as follows: 
  Tr =w /(w+c)                            (1) 
Thus, I used Tr as an indicator of water temperature in the upper 300 m. When calculated 
using data from Motoyama and Nishimura (2005), Tr along the 175°E meridian equals 1 
at about 25°N, in the subtropical zone. It then decreases almost linearly with increasing 
latitude through the transitional zone and becomes 0 at about 47°N in the subarctic zone 
(Fig. 9). Because Tr changes rapidly in the transitional zone, it was applied to core 
MD012421 as an indicator of SST. However, because Tr changes relatively little in the 
subtropical and subarctic zones, it is not a suitable indicator of SST in those zones. 
Therefore, in this study, I applied a transfer function to data from cores MD012422 and 
C9001C as an indicator of SST in the subtropical and subarctic zones, respectively. 
Studies of radiolarians living in intermediate to deep waters are still in progress. In this 
study, Cycladophora davisiana Ehrenberg (Plate 3) is used as an indicator of intermediate 
waters, because its geographical distribution and environmental preferences are well 
known. In the North Pacific, where C. davisiana occurs abundantly in surface and 
Quaternary sediments, this species is key to understanding the paleoceanography of the 
Pleistocene glacial ocean. The relative abundance of this species in North Pacific surface 
sediments is higher at high latitudes (Morley and Hays, 1983), and in the glacial Oyashio 
Current region (Morley, 1980; Morley and Hays, 1983). During the last 100 kyr, the 
relative abundance of this species was high in both the Sea of Okhotsk and the Bering Sea 
during MIS 5d to MIS 3. Around the time of the LGM (MIS 2), it was higher in the Bering 
Sea than in the Sea of Okhotsk, and after the LGM it was higher in the Sea of Okhotsk 
than in the Bering Sea (Okazaki et al., 2003; Tanaka and Takahashi, 2005). Today it 
dwells at intermediate and deep depths. In the present-day Sea of Okhotsk, the 
abundance of this species is highest at intermediate depths (200–500 m water depth, 
1.8–2.3 °C, 3–5 ml O2 L–1; Nimmergut and Abelmann, 2002), whereas in the present-day 
Japan Sea, it is highest in deep waters (1000–2000 m water depth, 0–1 °C, 5–7 ml O2 L–1; 
Itaki, 2003b). In addition, a supply of particulate organic matter to mesopelagic depths 
accelerates production in this species (Okazaki et al., 2006). In the Sea of Okhotsk, the 
water mass favorable to growth of C. davisiana corresponds to OSIW. OSIW has a high 
oxygen concentration and forms by the active ventilation of low-temperature, dense shelf 
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water (Itaki and Ikehara, 2004), which forms by brine rejection during seasonal sea-ice 
formation at high latitudes (Hays and Morley, 2003; Ohkushi et al., 2003). Therefore, in 
this study, I use the abundance of C. davisiana as an indicator of the strength of cold, 
oxygen-rich intermediate waters and of sea-ice formation at higher latitudes. 
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Table 2 Depth distributions of warm- and cool-water species. 
Species Depth (m)   Study area References 
warm collosphaerids 0−100  central subtropical Pacific Kling (1979) 
 0−300  California Current region Kling and Boltovskoy (1995) 
 0−200  central Equatorial Pacific Yamashita et al. (2002) 
Didymocyrtis tetrathalamus 0−50  central subtropical Pacific Kling (1979) 
 0−100  California Current region Kling and Boltovskoy (1995) 
 0−120  central Equatorial Pacific Yamashita et al. (2002) 
Euchitonia spp. 0−25  California Current region Kling and Boltovskoy (1995) 
 0−200  central Equatorial Pacific Yamashita et al. (2002) 
Dictyocoryne spp. 0−300  California Current region Kling and Boltovskoy (1995) 
 0−200  central Equatorial Pacific Yamashita et al. (2002) 
Octopyle stenozona 0−200  central Equatorial Pacific Yamashita et al. (2002) 
Tetrapyle octacantha 0−50  central subtropical Pacific Kling (1979) 
 0−100  California Current region Kling and Boltovskoy (1995) 
 0−200  central Equatorial Pacific Yamashita et al. (2002) 
Stylochlamydium venustum 50−100  central subtropical Pacific Kling (1979) 
 50−100  California Current region Kling and Boltovskoy (1995) 
 50−100  central subarctic Pacific Tanaka and Takahashi (2008) 
Pseudodictyophimus spp. 0−100  central subtropical Pacific Kling (1979) 
 0−200  Kuroshio/Oyashio region Ishitani et al. (2008) 
Pterocanium korotnevi 75−150  central subarctic Pacific Tanaka and Takahashi (2008) 
Stylodictya validispina 0, 50−200  central subtropical Pacific Kling (1979) 
 0−120  central Equatorial Pacific Yamashita et al. (2002) 
Larcopyle buetschlii 0-200  California Current region Kling and Boltovskoy (1995) 
 50  mid-latitudinal North Pacific Ishitani et al. (2008) 
  200   low-latitudinal North Pacific Ishitani et al. (2008) 
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Fig. 9. Tr versus latitude along the 175°E meridian, based on original data from Motoyama and 
Nishimura (2005). The corresponding water masses (subtropical, transitional, and subarctic) 
and oceanic fronts (KEF, Kuroshio Extension Front; SAF, SubArctic Front) are also shown. 
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6. Sediment cores and age models 
 
6.1. MD012422 
 
Core MD012422 was collected in 2001 off Kochi, southwestern Japan (32°08.7′N, 
133°51.8′E), at a water depth of 2737 m by the R/V Marion Dufresne during the 
International Marine Global Change Study (IMAGES). The core site is in the subtropical 
zone at present. The seafloor at the core site is a basin on the lower continental slope (Fig. 
10). The total length of the core is 47.3 m, and it is composed of homogeneous olive-gray, 
silty clay, intercalated with thin layers of volcanic ash. Soupy disturbances and secondary 
sedimentary structures with flow-ins have been recognized at depths of 16.05–16.38 m 
below the seafloor (mbsf) and at >45.3 mbsf, respectively. 
I employed the age model established by Ikehara et al. (2006). They used 21 age-control 
points to estimate the sedimentation rate of core MD012422 (Table 3; Fig. 11). The ages 
were determined by accelerator mass spectrometry (AMS) 14C dating of the planktonic 
foraminifer Globorotalia inflata at 14 depths and by identifying seven oxygen isotopic 
boundaries. The 14C dates were converted to calendar years (Bard, 1998; Stuiver et al., 
1998). Ikehara et al. (2006) assigned ages to the recognized δ18O isotope events by 
correlating δ18O records of the planktonic foraminifer Globigerinoides ruber in the core 
with the standard oxygen isotope curve (SPECMAP curve) of Imbrie et al. (1984) and 
Martinson et al. (1987). By this model, the estimated age of the bottom of core (45.01 mbsf) 
is 343 ka, and the mean sedimentation rate is 13.1 cm ka–1. I converted the MIS ages 
based on the SPECMAP curve to the MIS ages of the LR04 curve (Lisiecki and Raymo, 
2005; Table 3). 
 
 
 
 - 23 - 
 
 
Fig. 10. Location of the MD012422 core site and seafloor bathymetry in the region off Kochi 
(contours, contour interval = 100 m). 
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Table 3 Age control points in core MD012422 (Lisiecki and Raymo, 2005;  
Ikehara et al., 2006). 
Depth (m)   Age (cal. ka) Methods 
0.11   0.00  AMS14C 
0.61   2.73  AMS14C 
1.40   5.04  AMS14C 
2.11   6.19  AMS14C 
3.61   11.94  AMS14C 
3.90   12.72  AMS14C 
4.81   14.33  AMS14C 
5.41   15.51  AMS14C 
6.11   16.55  AMS14C 
7.62   18.94  AMS14C 
9.06   21.14  AMS14C 
11.31   26.01  AMS14C 
13.50   33.16  AMS14C 
15.04    40.07  AMS14C 
Depth (m) SPECMAP age (cal. ka) LR04 age (cal. ka) Methods 
16.91  73.91  71  MIS 4/5 
26.79  129.84  130  MIS 5/6 
30.71  189.61  191  MIS 6/7 
34.11  215.54  217  MIS 7.3 
36.23  244.18  243  MIS 7/8 
40.93  301.00  300  MIS 8/9 
44.62  339.00  337  MIS 9/10 
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Fig. 11. Properties of age against (a) depth and (b) δ18O of foraminifera for core MD012422 
(Lisiecki and Raymo, 2005; Ikehara et al., 2006). In (a), squares indicate 14C dates from 
planktonic foraminifera, and circles indicate oxygen isotopic boundaries. 
 
 
 
6.2. MD012421 
 
Core MD012421 was collected in 2001 off Kashima, central Japan (36°01.4′N, 141°46.8′E), 
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at a water depth of 2224 m by the R/V Marion Dufresne during IMAGES. The core site is 
located on a slightly convex plateau on the continental slope in the present-day subtropical 
zone, south of the KEF (Fig. 12). The total length of the core is 45.82 m, and it is composed 
of homogeneous olive-gray silty clay, intercalated with thin layers of fine sand and ash of 
volcanic origin. It also contains relatively abundant calcareous and siliceous microfossils. 
No distinct turbidite layers from the shallow continental slope and shelf have been 
observed in the core (Aoki et al., 2008). 
I employed the age model established by Oba et al. (2006). They used 27 age-control 
points to estimate the sedimentation rate of core MD012421 (Table 4; Fig. 13). The core 
contains a marker tephra layer, Aira-Tanzawa (AT), observed 12.10 m below the seafloor 
and dated at 24.73 14C ka BP (Murayama et al., 1993). Other ages were obtained by AMS 
14C dating of planktonic foraminifera (Neogloboquadrina dutertrei and Globorotalia 
inflata) at 10 depths and by identifying 16 oxygen isotopic boundaries. The 14C dates were 
converted to calendar years (Stuiver et al., 1998; Bard, 1998). Oba et al. (2006) assigned 
ages to recognized δ18O isotope events by correlating δ18O records of benthic foraminifera 
(Uvigerina spp. and Bulimia aculeata) in the core with the standard oxygen isotope curve 
(SPECMAP curve) of Martinson et al. (1987). According to this age model, the age of the 
core bottom was estimated to be 144 ka, and the mean sedimentation rate to be 30 cm ka–1. 
I converted MIS ages of the SPECMAP curve to MIS ages of the LR04 curve (Lisiecki and 
Raymo, 2005; Table 4). 
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Fig. 12. Location of the MD012421 core site and seafloor bathymetry in the region off Kashima 
(contours; contour interval = 100 m). 
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Table 4 Age control points in core MD012421 (Lisiecki and Raymo, 2005; Oba et al., 2006). 
Depth (m)     Age (cal. ka)   Methods 
0.08    0.31   AMS14C 
1.58    1.79   AMS14C 
3.08    3.62   AMS14C 
4.56    5.57   AMS14C 
6.06    7.57   AMS14C 
8.06    12.01   AMS14C 
8.27    12.90   AMS14C 
10.03    21.11   AMS14C 
12.10    28.59   AT tephra 
13.05    37.51   AMS14C 
14.58    43.33   AMS14C 
Depth (m)   SPECMAP age (cal. ka) LR04 age (cal. ka)   Methods 
17.76   51.57  53.0   MIS 3.3/3.31 
20.05   58.96  57.0   MIS 3/4 
20.85   65.22  62.0   MIS 4.22 
24.27   73.91  71.0   MIS 4/5 
27.75   79.25  82.0   MIS 5.1 
28.27   85.22  85.5   MIS 5.1/5.2 
29.60   90.95  87.0   MIS 5.2 
31.17   94.06  92.5   MIS 5.2/5.31 
33.28   99.38  96.0   MIS 5.3 
34.13   105.57  107.0   MIS 5.33/5.4 
34.71   110.79  109.0   MIS 5.4 
36.48   117.30  116.5   MIS 5.4/5.51 
40.27   122.56  123.0   MIS 5.5 
42.41   129.84  130.0   MIS 5/6 
43.29   132.81  137.0   MIS 6.1 
44.79    141.33  142.0    MIS 6.3 
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Fig. 13. Properties of age against (a) depth and (b) δ18O of foraminifera for core MD012421 
(Lisiecki and Raymo, 2005; Oba et al., 2006). In (a), squares indicate dates obtained by 14C 
dating of planktonic foraminifera, the triangle is the AT tephra, and circles indicate oxygen 
isotopic boundaries. 
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6.3. C9001C 
 
Core C9001C was collected in 2006 off Shimokita Peninsula, northeastern Japan 
(41°10.6′N, 142°12.1′E) at a depth of 1183 m during the CK06−06 shakedown cruise of D/V 
Chikyu. The core site is located on the continental slope at the latitude of the present-day 
transitional zone, south of the SAF (Fig. 14). The total length of the core is 365 m, and it is 
composed of massive olive-black to dark olive-gray diatomaceous silty clay, intercalated 
with layers of sand and volcanic ash up to several centimeters in thickness. It contains 
abundant microfossils. Thick layers of loose fine to medium lithic sand occur between 340 
and 348 mbsf. 
I employed the age model established by Domitsu et al. (2011). They used 18 age-control 
points (oxygen isotopic boundaries) to estimate the sedimentation rate of core C9001C 
(Table 5; Fig. 15). Domitsu et al. (2011) assigned ages to recognized δ18O isotope events by 
correlating δ18O records of benthic foraminifera (Uvigerina akitaensis and U. peregrina) in 
the core with the standard oxygen isotope curve (LR04 curve) of Lisiecki and Raymo 
(2005). According to this age model, the age of the bottom of the core was estimated to be 
742 ka, and the mean sedimentation rate to be 50 cm ka–1. 
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Fig. 14. Location of the C9001C core site and seafloor bathymetry in the region off Shimokita 
(contours; contour interval = 100 m). 
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Table 5 Age control points in core C9001C  
(Domitsu et al., 2011). 
Depth (m) Age (cal. ka) Methods 
11.21  14  MIS 1/2 
20.91  29  MIS 2/3 
37.10  57  MIS 3/4 
45.69  71  MIS 4/5 
69.97  130  MIS 5/6 
98.15  191  MIS 6/7 
155.73  243  MIS 7/8 
180.93  300  MIS 8/9 
201.71  337  MIS 9/10 
222.48  374  MIS 10/11 
236.53  424  MIS 11/12 
250.63  478  MIS 12/13 
287.03  533  MIS 13/14 
299.87  563  MIS 14/15 
318.62  621  MIS 15/16 
347.74  676  MIS 16/17 
355.13  712  MIS 17/18 
364.93  742  Bottom 
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Fig. 15. Properties of age against (a) depth and (b) δ18O of foraminifera for core C9001C 
(Domitsu et al., 2011). 
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7. Methods  
 
7.1. Preparation and radiolarian counts 
 
Samples were taken from core MD012422 at 2.5-cm intervals corresponding to ~155 yr. 
Seven samples corresponded to the time interval 156–130 ka, 22 samples to the last 
interglacial period (130–117 ka), 14 samples to the time interval 117–80 ka, and 17 
samples to the time interval 31–0 ka. These sets of samples provided average temporal 
resolutions of ~3800, ~600, ~2700, and ~1900 yr, respectively, were chosen for analyses of 
radiolarian assemblages. There was no sample corresponding to the time interval 80–31 
ka. 
Samples were taken from core MD012421 at 2.5-cm intervals corresponding to ~79 yr. 
The following samples were chosen for analyses of radiolarian assemblages. Nineteen 
samples corresponded to the time interval 144–130 ka, 115 samples to the last interglacial 
period, and 53 samples to the time interval 117–66 ka. These sets of samples provided 
average temporal resolutions of ~700, ~100, and ~900 yr, respectively. The data of 197 
samples during 66−0 ka which is kept in Motoyama’s laboratory was also used in 
discussion below (Watanabe 2003MS). The data provided an average temporal resolution 
of ~300 yr. 
Samples were taken from core C9001C at 2.0-cm intervals corresponding to ~40 yr. The 
following samples were chosen for analyses of radiolarian assemblages. Nine samples 
corresponded to the time interval 152–130 ka, 18 samples to the last interglacial period, 4 
samples to the time interval 117–115 ka, and 10 samples to the time interval 38–0 ka. 
These sets of samples provided average temporal resolutions of ~2400, ~700, ~500 and 
~4100 yr, respectively. There was one sample at 68.73 ka. 
Large meander of the Kuroshio and ENSO oscillate on several-year to decadal cycle. 
Therefore, these events cannot be detected because the samples provided temporal 
resolution of >100 yr. 
Samples were freeze-dried and weighed. Each sample (<1 g) was immersed in a solution 
of ~30 ml H2O2 (30%) and ~8 g Na4P2O7•10H2O to oxidize organic matter and disaggregate 
the sediments. Approximately 25 ml HCl (35–37%) was then added to dissolve calcareous 
components. After ultrasonic cleaning, the sample was wet-sieved through a 63-μm mesh 
sieve. An elutriation technique (Itaki, 2003a), which uses difference in settling rates, was 
employed to remove sandy components and concentrate radiolarians. The elutriation 
technique was employed 7 times, and the extracted grains contained >90% radiolarians 
(Itaki, 2003a). All extracted grains were pipetted onto a glass slide and mounted in resin. 
Radiolarians were identified and counted under a transmitted light microscope at 100. 
More than 500 (usually 1000) individuals on each slide were identified at species level. 
 Postglacial 
 - 35 - 
However, the samples with less than 500 individuals in core C9001C were also used for 
the argument, because this core contained scarce radiolarians. 
 
7.2. Radiolarian abundances 
 
Absolute abundance, defined as the total number of radiolarians per gram of dried 
sample, Radiolarian population finally in Chapter 7.1 is counted on each slide. It was 
converted to the total number of radiolarians per gram of dried sample (absolute 
abundance) and the percentage of the population of each radiolarian species to the total 
radiolarian population (relative abundance). Standard deviations (σ) of each relative 
abundance (R) are given by: 
     σ =R (1/n)1/2                            (2) 
n is total radiolarian of each slide. 
 
7.3. SST estimated by using Tr 
 
Tr value, an indicator of the SST for core MD012421, was calculated by the equation (1). 
The used warm- and cool-water species are mentioned in Chapter 5.2. To compare Tr with 
the SST estimated using the transfer function, logistic regression analysis of the Tr to 
observed annual SST was conducted using current radiolarian assemblages along 175°E 
(Fig, 16). The derived regression equation was used to convert Tr of core samples into the 
SST. Tr values were also calculated for cores MD012422 and C9001C for comparison. 
Standard deviations (σ) of each SST are given by: 
      σ =SST {(1/n)+(SE /SST )2}1/2                             (3) 
SE is a standard error of the derived regression equation. 
 
7.4. SST estimated by using the transfer function 
 
The transfer function was applied to cores MD012422 and C9001C as an indicator of SST 
(Chapter 5.2). A regression analysis of Q-mode factor analytic results of radiolarian 
assemblage in surface sediment (Fig. 16; Kamikuri et al., 2008) to observed annual SST 
was used to define the transfer function of annual SST in North Pacific. To estimate 
paleo-SST, factor scores were calculated from frequency in each sample and substituted for 
the transfer function. This transfer function used 63 radiolarian taxa (Table 6). Standard 
deviations (σ) of each SST are given by the equation (3). SE is a standard error of the 
transfer function. 
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Fig. 16. Location of samples used for Tr value (circles; Motoyama and Nishimura, 2005) and the 
transfer function (circles and squares; Kamikuri et al., 2008). 
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Table 6 Radiolarian taxa used the transfer function. No. is used by Fig. 25. Radiolarian 
photographs are shown in Plate 4–6. 
No. Species No. Species 
1 Cycladophora cornutoides Kling 33 Disolenia quadrata (Ehrenberg) 
2 Ceratospyris borealis Bailey 34 Axoprunum stauraxonium Haeckel 
3 Stylochlamydium venustum (Bailey) 35 Siphonosphaera socialis Haeckel 
4 Spongotrochus glacialis Popofsky 36 Siphonosphaera martensi Brandt 
5 Pterocanium korotnevi (Dogiel) 37 Collosphaera huxleyi Müller 
6 Lithomelissa setosa Jørgensen 38 Lophophaena cf. capito Ehrenberg 
7 Stylodictya validispina Jørgensen 39 Heliodiscus asteriscus Haeckel 
8 Spongodiscus resurgens Ehrenberg 40 Hexapyle dodecantha Haeckel 
9 Pseudodictyophimus glacilipes (Bailey) 41 Zygocircus productus (Hertwig) 
10 Actinomma popofskii (Petrushevskaya) 42 Stylodictya aculeata Jørgensen 
11 Cycladophora bicornis (Popofsky) 43 Lophophaena hispida (Ehrenberg) 
12 Lithelius minor Jørgensen 44 Euchitonia furcata Ehrenberg 
13 Pterocorys clausus (Popofsky) 45 Carpocanistrum acutidentatum Takahashi 
14 Spirocyrtis subscalaris Nigrini 46 Stylodictya multispina Haeckel 
15 Actinomma medianum Nigrini 47 Botryocyrtis scutum (Harting) 
16 Pterocanium praetextum praetextum (Ehrenberg) 48 Spongaster tetras tetras Ehrenberg 
17 Hexacontium pachydermum Jørgensen 49 Carpocanopsis obovata Tan and Su 
18 Theocorythium trachelium trachelium (Ehrenberg) 50 Heliodiscus echiniscus Haeckel 
19 Lithopera bacca (Ehrenberg) 51 Amphirhopalum ypsilon Haeckel 
20 Theocorythium trachelium diannae (Haeckel)  52 Acanthodesmia vinculata Müller 
21 Pterocorys zanclaeus Müller 53 Didymocyrtis tetrathalamus tetrathalamus (Haeckel) 
22 Eucyrtidium acuminatum (Ehrenberg) 54 Hymeniastrum euclidis Haeckel 
23 Spongaster tetras irregularis Nigrini 55 Larcospira quadrangula Haeckel 
24 Carpocanistrum flosculum Heackel 56 Euchitonia sp. Takahashi 
25 Phorticium polycladum Tan and Tchang 57 Dictyocoryne truncatum (Ehrenberg) 
26 Carpocanistrum favosum (Haeckel) 58 Dictyocoryne profunda Ehrenberg 
27 Carpocanistrum cephalum Haeckel 59 Stylochlamydium asteriscus Haeckel 
28 Disolenia zanguebarica (Ehrenberg) 60 Tholospyris sp. Chen and Tan 
29 Acrosphaera spinosa (Haeckel) 61 Zygocircus cf. piscicaudatus Popofsky 
30 Collosphaera macropora Popofsky 62 Tetrapyle octacantha Müller 
31 Collosphaera confosa Takahashi 63 Phorticium pylonium Haeckel 
32 Siphonosphaera polysiphonia Haeckel     
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8. Results 
 
8.1. SST indices  
 
Logistic regression analysis of Tr and observed annual SST was conducted (Fig. 17). Tr is 
given by: 
Tr = (1+1188e–0.4366SST)–1                            (4) 
r2 (contribution) = 0.954, Standard Error (SE) = 1.30 °C 
I calculated Tr values from the surface sediments (Fig. 16; Motoyama and Nishimura, 
2005) and compared these with observed SST values (Fig. 18) to ascertain the reliability of 
the equation (4). The standard error of estimated SST is 8.0% of the present SST range. 
A multiple regression analysis of the varimax factor (Fi) of the surface sediments 
(Kamikuri et al., 2008) to observed annual SST was conducted to define a transfer 
function. SST is given by: 
SST=24.767F1+11.874F2+6.419F3–0.947F4–21.684F1F2+72.486F1F4 
–26.944F2F3–111.385F2F4+10.157                            (5) 
r2 = 0.988, SE = 0.80 °C 
I calculated SST using the equation (5) from the surface sediments (Fig. 16; Kamikuri et 
al., 2008) and compared these with observed SST values (Fig. 19) to ascertain the 
reliability of the equation (5). The standard error of estimated SST is 3.5% of the present 
SST range. 
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Fig. 17. Result of logistic regression analysis of Tr to observed annual Sea Surface Temperature 
(SST). 
 
 
 
 
 
Fig. 18. (a) Plot of observed annual SST against estimated using Tr. (b) Observed annual SST 
versus residuals of SST estimated from Tr. 
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Fig. 19. (a) Plot of observed annual SST against estimated using the transfer function. (b) 
Observed annual SST versus residuals of SST estimated from the transfer function. 
 
 
 
8.2. Total radiolarian abundances 
 
8.2.1. MD012422 
 
Absolute abundance of total radiolarians in core MD012422 ranged from 1.97103 g–1 to 
1.40104 g–1 during the last 156 ka (Fig. 20c). I have no data during 78–31 ka. 
There were fluctuations during 156 ka and 78 ka: 1.97103 g–1 and 9.34103 g–1. The 
fluctuations became relatively large fluctuations during MIS 5e: 2.73103 g–1 and 9.34103 
g–1. 
Absolute abundance increased from 3.12103 g–1 at 31 ka to 7.11103 g–1 at 23 ka, then 
decreased to 2.87103 g–1 at 21 ka, and finally increased to 1.40104 g–1 at 0.1 ka. Absolute 
abundance was the highest in MIS 1 during the last 156 ka. 
 
8.2.2. MD012421 
 
Absolute abundance in core MD012421 ranged from 7.95102 g–1 to 1.51104 g–1 during 
the last 144 ka (Fig. 20b). Absolute abundance tended to increase during the interglacial 
periods, MIS 5 and MIS 1. The glacial periods, MIS 3 and MIS 2 were all relatively 
impoverished with respect to radiolarian microfossils. 
Absolute abundance during MIS 6 was averaged 3.1103 g–1 (n =20). There were large 
fluctuations during MIS 5e: 7.95102 g–1 to 1.51104 g–1. The fluctuations became moderate 
during 117 ka and 66 ka: 1.46103 g–1 to 1.10104 g–1. Absolute abundance was nearly 
constant from 60 ka to 20 ka, averaging 3.5103 g–1, then increased gradually to 1.00104 
g–1 at 4.5 ka (the maximum value for MIS 1), and finally decreased slightly after 4.5 ka. 
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8.2.3. C9001C 
 
Absolute abundance in core C9001C ranged from 4.6010 g–1 to 3.62103 g–1 during the 
last 151 ka (Fig. 20a). I have only one data point at 69 ka between 115–37 ka. Absolute 
abundance tended to increase during the interglacial periods, MIS 5e and MIS 1. The 
glacial periods, MIS 6 and MIS 2 were all relatively impoverished with respect to 
radiolarian microfossils. 
Absolute abundance during MIS 6 was averaged 5.4102 g–1 (n =9). Absolute abundance 
increased from 2.38102 g–1 at 132 ka to 3.62103 g–1 at 124 ka. After that, there were 
fluctuations having decreasing trend: 9.87102 g–1 and 3.35103 g–1, and 2.09103 g–1 at 115 
ka. 
Absolute abundance increased from 4.9210 g–1 at 37 ka to 8.89102 g–1 at 28 ka, then 
decreased to 4.6010 g–1 at 14 ka, and increased to 2.31103 g–1 at 5.7 ka. Absolute 
abundance decreased slightly after 5.7 ka. During MIS 1, the maximum absolute 
abundance was 2.31102 g–1. 
Absolute abundance in core C9001C was very low and there were the samples in which 
the counts of more than 500 individuals were not obtained difficult because of dilution 
with sediments. Data of less than 500 individuals are showed in different symbols of plots 
(Fig. 20a). 
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Fig. 20. Absolute abundance of total radiolarians in cores (a) C9001C, (b) MD012421, and (c) 
MD012422. Square plots in (a) show data of less than 500 individuals. 
 
 
 
8.3. Tr 
 
8.3.1. MD012422 
 
During the last 156 ka, Tr of core MD012422 ranged from 0.52 to 0.93 (Fig. 21c). Marked 
Tr minima occurred in early MIS 5b and MIS 2, whereas maxima occurred during MIS 5e 
and MIS 1. 
During MIS 6, Tr was averaged 0.78 (n =7). During MIS 5e, there were large fluctuations: 
0.65 and 0.92. During MIS 5d, Tr decreased from 0.89 at 115 ka to 0.727 at 110 ka, then 
increased and reached 0.86 at 106 ka. After that, Tr decreased to 0.63 at 93 ka during MIS 
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5b, and then increased 0.81 at 81 ka during MIS 5a. 
From 31 ka to 21 ka during late MIS 3 to early MIS 2, Tr fluctuated between 0.61 and 
0.74. During late MIS 2, Tr decreased from 0.74 at 21 ka to 0.52 at 15 ka. More recently, Tr 
increased to 0.90 at 3.2 ka during MIS 1. 
 
8.3.2. MD012421 
 
During the last 144 ka, Tr of the core MD012421 ranged from 0.35 to 0.96 (Fig. 21b). Tr 
was high during warm periods and low during cold periods. Marked Tr minima occurred in 
late MIS 6, early MIS 5d, mid MIS 4, and MIS 2, whereas maxima occurred during MIS 5e, 
late MIS 5a to early MIS 4, early MIS 3, and MIS 1. 
During MIS 6, Tr decreased from 0.64 at 144 ka to 0.35 at 131 ka, then increased 
markedly and reached 0.85 at 124 ka during MIS 5e. Tr averaged ~0.8 around 120 ka and 
then decreased to ~0.57 during MIS 5e/5d boundary. From 114 ka to 66 ka during MIS 5d 
to early MIS 4, Tr fluctuated between 0.63 and 0.87. More recently, during MIS 4, Tr 
decreased from 0.85 at 66 ka to 0.65 at 64 ka and then increased to 0.93 at 58 ka. During 
MIS 3, Tr fluctuated between 0.66 and 0.96. At 27 ka, during the earliest interval of MIS 2, 
Tr began to decrease, reaching 0.36 at 16 ka during MIS 2 and then increased again. Tr 
was at a maximum (0.96) at 7.5 ka during MIS 1 and then decreased gradually. After 9.1 
ka, Tr averaged ~0.9. 
 
8.3.3. C9001C 
 
During the last 151 ka, Tr of the core C9001C ranged from 0 to 0.55 during the last 151 
ka (Fig. 21a). Marked Tr minima occurred in MIS 6, late MIS 3, and MIS 2, whereas 
maxima occurred during MIS 5e and MIS 1. 
During MIS 6, Tr decreased from 0.22 at 151 ka to 0.01 at 131 ka, then increased 
markedly and reached 0.39 at 125 ka during MIS 5e. Tr was at a maximum (0.55) at 117 
ka and then decreased to 0.15 at 115 ka during the earliest interval of MIS 5d. 
Tr decreased from 0.06 at 28 ka during the latest interval of MIS 3 to 0 at 14 ka during 
MIS 2 then increased to 0.31 at 0 ka during MIS 1. 
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Fig. 21. Tr values in cores (a) C9001C, (b) MD012421, and (c) MD012422. Surface water masses 
corresponding to the present Tr along the 175°E meridian are shown. Square plots and dotted 
lines in (a) show data of less than 500 individuals. 
 
 
 
8.4. SST estimated by using Tr 
 
The Tr of the three cores (Fig. 21) was converted into the SST (Fig. 22a, c, and d) using 
the equation (4). 
 
8.4.1. MD012422 
 
During the last 156 ka, SST estimated by using Tr of core MD012422 ranged from 16.4°C 
to 22.1°C (Fig. 22d). Marked SST minima occurred in MIS 5b, late MIS 3 and MIS 2, 
whereas maxima occurred during MIS 5e and MIS 1. 
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During MIS 6, the SST averaged 19.2°C (n =7). During MIS 5e, there were large 
fluctuations: 17.6 °C and 22.1°C. During MIS 5d, the SST decreased from 21.0°C at 114 ka 
to 18.5°C at 109 ka, then increased and reached 20.3°C at 105 ka during MIS 5c. More 
recently, the SST decreased to 17.4°C at 91 ka during MIS 5b, then increased 19.5°C at 78 
ka during MIS 5a. 
From 31 ka to 15 ka during late MIS 3 to MIS 2, the SST average was 17.7°C (n =10). The 
SST increased from 16.4°C at 15 ka during late MIS 2 to 21.3°C at 3.2 ka during MIS 1. 
 
8.4.2. MD012421 
 
During the last 144 ka, SST estimated from Tr of core MD012421 ranged from 14.8 °C to 
23.9 °C (Fig. 22c). Marked SST minima occurred in late MIS 6, early MIS 5d, mid MIS 4, 
and MIS 2, whereas maxima occurred during MIS 5e, early MIS 3, and MIS 1. 
During MIS 6, the SST decreased from 17.5 °C at 144 ka to 14.8 °C at 132 ka, then 
increased and reached 20.2 °C at 124 ka during MIS 5e. The SST averaged ~20 °C around 
120 ka and then decreased to ~16.8 °C during MIS 5e/5d boundary. From 114 ka to 66 ka 
during MIS 5d to early MIS 4, the SST fluctuated between 17.5 °C and 20.6 °C. More 
recently, during MIS 4, the SST decreased from 20.2 °C at 66 ka to 17.6 °C at 64 ka and 
then increased to 22.1 °C at 58 ka. During MIS 3, the SST fluctuated between 17.7 °C and 
23.9 °C. At 26 ka, during the earliest interval of MIS 2, the SST began to decrease, 
reaching 14.9 °C at 16 ka during MIS 2 and then increased again. The SST was at a 
maximum (23.4 °C) at 7.5 ka during MIS 1 and then decreased gradually. After 9.1 ka, the 
SST averaged ~22 °C. 
 
8.4.3. C9001C 
 
During the last 151 ka, SST estimated from Tr of core C9001C ranged from 4.8 °C to 
16.7 °C (Fig. 22a). The three points were calculated to have 2 °C at 140 ka, 37 ka, and 14 
ka that show minus divergence according to the equation (4) because of Tr= 0. The SST 
minima occurred in MIS 6 and MIS 2, whereas maxima occurred during MIS 5e and MIS 
1. 
During MIS 6, the SST decreased from 13.3 °C at 151 ka to 4.8 °C at 131 ka, then 
increased markedly and reached 15.2 °C at 125 ka during MIS 5e. The SST was at a 
maximum (16.7 °C) at 117 ka and then decreased to 12.3 °C at 115 ka during the earliest 
interval of MIS 5d. 
The SST was 10.0 °C at 28 ka during the latest interval of MIS 3 and then decreased. 
More recently, the SST increased to 14.4 °C at 0 ka during MIS 1. 
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Fig. 22. SST estimated from Tr of cores (a) C9001C, (c) MD012421, and (d) MD012422. SST of 
cores (b) C9001C and (e) MD012422 estimated from the transfer function. Note that the three 
points of 2 °C at 140 ka, 37 ka, and 14 ka in (a) show minus divergence because of Tr= 0. 
 
 
 
8.5. SST estimated by using the transfer function 
 
The SSTs were calculated also by the transfer function of the equation (5) in cores 
MD012422 and C9001C (Fig. 22b, e). 
 
8.5.1. MD012422 
 
During the last 156 ka, SST of core MD012422 estimated by using the transfer function 
ranged from 21.8 °C to 26.7 °C (Fig. 22e). The SST minima occurred in late MIS 6, early 
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MIS 5d and MIS 2, whereas maxima occurred during MIS 5e, MIS 5c/5b boundary, early 
MIS 2 and MIS 1. 
During MIS 6, the SST decreased from 25.7 °C at 156 ka to 23.2 °C at 133 ka, then 
increased to 26.7 °C at 130 ka. During MIS 5e, there were large fluctuations: 23.4 °C and 
to 26.4 °C. During MIS 5d, the SST decreased from 25.8 °C at 116 ka to 23.0 °C at 113 ka, 
then increased to 26.2 °C at 91 ka during early MIS 5b. More recently, the SST decreased 
to 23.3 °C at 82 ka during early MIS 5a. 
The SST increased from 22.7 °C at 31 ka during late MIS 3 to 24.9 °C at 23 ka during 
MIS 2, and then decreased to 21.8 °C at 19 ka and increased again. The SST was at a 
maximum (25.1 °C) at 14 ka during MIS 1 and then decreased gradually. During MIS 1, 
the SST average was ~24 °C. 
 
8.5.2. C9001C 
 
During the last 151 ka, SST of core C9001C estimated by using the transfer function 
ranged from 3.8 °C to 20.6 °C (Fig. 22b). Marked SST minima occurred in MIS 6 and late 
MIS 3, whereas maxima occurred during MIS 5e and MIS 1. 
During MIS 6, the SST decreased from 20.6 °C at 151 ka to 7.6 °C at 131 ka, then 
increased markedly and reached 15.1°C at 127 ka during MIS 5e. The SST was at a 
maximum (19.2 °C) at 120 ka and then decreased to 11.4 °C at 116 ka during the earliest 
interval of MIS 5d. 
The SST increased from 7.9 ºC at 37 ka during mid MIS 3 to 20.2 ºC at 1.8 ka during MIS 
1. 
 
8.6. Abundances of Cycladophora davisiana 
 
8.6.1. MD012422 
 
The absolute abundance of C. davisiana in core MD012422 ranged from 1.4810 to 
5.29102 g–1 (Fig. 23c). A maximum absolute abundance (5.29102 g–1) occurred at 132 ka 
during MIS 6. The absolute abundance then decreased markedly toward 127 ka during 
MIS 5e and approached 0. More recently, there were fluctuations in the relative 
abundance during MIS 5e: 4.4710 g–1 to 2.12102 g–1. During MIS 5d and MIS 5b, there 
were fluctuations in the absolute abundance: 6.5910 g–1 to 2.16102 g−1. The absolute 
abundance increased from 1.05102 g–1 at 87 ka during MIS 5b to 4.23102 g–1 at 82 ka 
during MIS 5a. During late MIS 3 to MIS 1, the absolute abundance decreased gradually 
from 2.42102 g–1 to 5.7810 g–1. 
The relative abundance of C. davisiana in core MD012422 ranged from 7.7 to 0.2% (Fig. 
23f). A maximum relative abundance (7.7%) occurred at 139 ka during MIS 6. The relative 
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abundance then decreased toward 127 ka during MIS 5e and approached 0. The relative 
abundance increased from 0.2% at 126 ka to 2.9% at 124 ka and then decreased gradually 
to 1.8% at 117 ka. There were small increases at 114 ka and 82 ka during MIS 5d and MIS 
5a, respectively. During late MIS 3 to MIS 1, the relative abundance decreased from 6.0% 
at 31 ka to 0.4% at 5.2 ka. 
 
8.6.2. MD012421 
 
The absolute abundance of C. davisiana in core MD012421 ranged from 0 to 8.88102 g–1 
(Fig. 23b). The absolute abundance decreased markedly from 6.05102 g–1 at 137 ka during 
MIS 6 to 0 at 122 ka during MIS 5e. There were small increases at 119 ka, 93 ka, and 56 
ka during late MIS 5e, MIS 5c, and MIS 3, respectively. A maximum absolute abundance 
(8.88102 g–1) occurred at 16 ka during MIS 2. The absolute abundance then decreased 
markedly toward 7.5 ka during MIS 1 and approached 0. 
The relative abundance of C. davisiana in core MD012421 ranged from 0 to 19.6% (Fig. 
23e). A maximum relative abundance (19.6%) occurred at 137 ka during MIS 6. The 
relative abundance then decreased markedly toward 120 ka during MIS 5e and 
approached 0. There were small increases at 116 ka, 64 ka, and 56 ka during MIS 5d, MIS 
4, and MIS 3, respectively. A maximum relative abundance (19.2%) occurred at 16 ka 
during MIS 2. The relative abundance then decreased markedly toward 7.5 ka during MIS 
1 and approached 0. 
 
 
8.6.3. C9001C 
 
The absolute abundance of C. davisiana in core C9001C ranged from 0 to 7.63102 g–1 (Fig. 
23a). A maximum absolute abundance (2.62×102 g–1) occurred at 136 ka during MIS 6. The 
absolute abundance then decreased toward 130 ka during late MIS 6 and approached 0. 
There were increases at 116 ka and 28 ka during MIS 5d and MIS 3, respectively. A 
maximum absolute abundance (7.63×102 g–1) occurred at 11 ka during early MIS 1. The 
absolute abundance then decreased markedly toward 1.8 ka during MIS 1 and approached 
0. 
The relative abundance of C. davisiana in core C9001C ranged from 0 to 43.2% (Fig. 23d). 
A maximum relative abundance (43.2%) occurred at 136 ka during MIS 6. The relative 
abundance then decreased remarkably toward 131 ka during late MIS 6 and approached 0. 
There were small increases at 116 ka and 28 ka during MIS 5d and MIS 3, respectively. A 
maximum relative abundance (37.3%) occurred at 11 ka during early MIS 1. The relative 
abundance then decreased markedly toward 1.8 ka during MIS 1 and approached 0. 
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Fig. 23. Absolute abundance of Cycladophora davisiana in cores (a) C9001C, (b) MD012421, and 
(c) MD012422. Relative abundance of C. davisiana in cores (d) C9001C, (e) MD012421, and (f) 
MD012422. 
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9. Discussion 
 
9.1. Comparison of the Tr and transfer function methods of estimating 
paleo-SSTs 
  
In this section, I discuss the paleo-SST results estimated by using Tr and the transfer 
function. 
First, I compared Tr among the three core sites (Fig. 21). The difference between the 
maximum and minimum Tr values was 0.41 in MD012422, 0.61 in MD012421, and 0.55 in 
C9001C. Thus, the range of fluctuation was smaller at the C9001C and MD012422 sites 
than at the MD012421 site. Because Tr does not vary much in the subarctic and 
subtropical zones, it is a poor indicator of SST in those zones. Therefore, I used the 
transfer function technique to estimate SST in cores C9001C and MD012422. 
Second, I compared SSTs estimated by using Tr with SSTs estimated by using the 
transfer function (Fig. 22). At the MD012422 site, the average SST estimated by using Tr 
was 5.2 °C (n=60), which is lower than the SSTs estimated by using the transfer function 
(Fig. 22d, e). The SST estimated at the core top by using the transfer function was 1.6 °C 
higher than the present observed SST, whereas that by using Tr was 2.9 °C higher. These 
results suggest that the poor response of Tr to SST changes in the subtropical zone caused 
the SST to be underestimated. At the C9001C site, three of the SSTs estimated from Tr, at 
140 ka, 37 ka, and 14 ka, showed minus divergence, because Tr was zero (Fig. 22a); when 
Tr=0, equation (4) cannot be used to calculate the SST. In addition, the SSTs at the 
C9001C site estimated by using the transfer function were 1.4 °C (n=16) higher on average 
than the SSTs estimated by using Tr during the MIS 5e warm period (128–117 ka), and 
they were 5.6 °C (n=2) higher on average during the MIS 1 (Holocene) warm period (1.8–0 
ka; Fig. 22a, b). The SST estimated at the core top by using Tr was 1.3 °C higher than the 
present observed SST, whereas that by using the transfer function was 6.4 °C higher. 
These results suggest that the compositions of the radiolarian assemblages around Japan, 
where core C9001C was collected, differed from their compositions along the 175°E 
meridian, where the data used to derive the transfer function were collected. 
To determine which species accounted for the higher SSTs estimated by using the 
transfer function during the warm periods, I plotted Tr against the SSTs estimated by the 
two methods (Fig. 24). Eight of the SSTs estimated by using the transfer function differed 
greatly from those estimated by using Tr. These eight SSTs were higher than 17 °C and 
corresponded to interglacial periods (MIS 5e and MIS 1). I calculated the differences in the 
average relative abundances of the 63 radiolarian taxa used to derive the transfer function 
between these eight interglacial ages and the other ages to identify the key differences in 
the assemblages between the interglacial periods and the other periods (Fig. 25). Two taxa 
 - 51 - 
showed marked differences: S. venustum (species 3; see Table 6) and T. octacantha (species 
62). The abundance of S. venustum was 3.2% lower, and that of T. octacantha was 2.2% 
higher, at these eight ages. 
Why did the abundances of these two species show such marked differences between the 
interglacial and glacial periods? The cool-water species S. venustum is absent or rare 
during MIS 5 and MIS 1 in cores from the Japan Sea (Itaki et al., 2007). Therefore, the 
markedly low abundance of S. venustum suggests that the Tsugaru Warm Current, in 
which S. venustum is absent or rare, flows from the Japan Sea through the Tsugaru Strait 
to the C9001C site during interglacial periods (Fig. 26a). During the glacial sea level low 
stand, in contrast, the Tsushima Strait was closed. Thus, the Tsushima Warm Current 
branch of the Tsugaru Warm Current, which is derived from the Tsushima Warm Current, 
were not generated, and no warm flow reached the C9001C site (Fig. 26b). In addition, the 
flow of the Tsugaru Warm Current to the C9001C site during interglacials accounts for the 
markedly high abundance of the warm-water species T. octacantha (Motoyama and 
Nishimura, 2005; Kamikuri et al., 2008). 
Therefore, the markedly high SSTs estimated by using the transfer function reflect the 
inflow of the Tsugaru Warm Current to the C9001C site. Therefore, the SSTs estimated at 
that site by using the transfer function reflect both water mass shifts in the northwestern 
Pacific and the influence of the Tsugaru Warm Current. 
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Fig. 24. Tr versus SSTs estimated by using a transfer function (circle) and Tr (square) at the 
C9001C site. The eight points in the oval are the SSTs estimated by using the transfer function 
and differ widely from those estimated by using Tr. 
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Fig. 25. Differences in the average relative abundances of the radiolarian species used to derive 
the transfer function between the eight SSTs in the oval in Fig. 24 and the other SSTs. The 
species numbers correspond to the species listed in Table 6. 
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Fig. 26. Comparison of interglacial (a) and glacial (b) currents around Japan. Two straits are 
indicated as TSS (Tsushima Strait, 130 m sill depth) and TGS (Tsugaru Strait, 130 m sill depth). 
The glacial sea level was at –130 m during the glacial maximum (Chappell et al., 1996). 
 
 
 
9.2. Vertical changes of water masses around the last interglacial period 
 
How did surface water masses and intermediate waters in the northwestern Pacific 
change around the time of the last interglacial? I discuss here past changes in the 
characteristics of surface water masses (primarily in relation to the SST in the upper 300 
m) on the basis of the observed changes in the SST, and I infer the intensity of the supply 
of cold, well-ventilated intermediate water from the relative abundance of C. davisiana. 
The SSTs were estimated by using Tr at the MD012421 site off Kashima and the transfer 
function at the MD012422 and C9001C sites off Kochi and Shimokita, respectively. 
I focus here on the marine environmental changes at the three core sites during the time 
interval from 140 ka to 110 ka (Figs. 27–29). During the late MIS 6 glacial period, 
subtropical, transitional, and subarctic waters were present in the region off Kochi, 
Kashima, and Shimokita, respectively. Higher relative abundances of C. davisiana during 
late MIS 6 than MIS 5e at the three core sites suggest an increased supply of intermediate 
waters from the North Pacific to the water column at the core sites. The marked warming 
event from late MIS 6 to early MIS 5e was probably accompanied by northward shifts of 
the Kuroshio Extension Front and the Subarctic Front, causing the surface water masses 
off Kashima to change from transitional to subtropical and those off Shimokita to change 
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from subarctic to transitional. The surface water mass off Kochi remained subtropical 
during this interval. Well-ventilated intermediate waters also became less influential from 
late MIS 6 to early MIS 5e, as indicated by 7%, 18%, and 43% decreases in the relative 
abundances of C. davisiana off Kochi, Kashima, and Shimokita, respectively (Fig. 28). 
During mid to late MIS 5e (125–117 ka), the waters off Kochi were consistently subtropical, 
and those off Kashima were subtropical or KEF waters. In contrast, the waters off 
Shomokita were transitional, and two SST peaks occurred, at 120 ka and 117 ka. 
Well-ventilated intermediate waters became less influential at the three core sites during 
mid to late MIS 5e, as indicated by the almost complete absence of C. davisiana at all 
three core sites. From late MIS 5e to early MIS 5d, the surface water mass changed from 
KEF to transitional off Kashima, but that off Kochi remained subtropical, and that off 
Shimokita remained transitional. The surface water masses at the core sites changes less 
from late MIS 5e to early MIS 5d than from late MIS 6 to early MIS 5e. The two oceanic 
fronts (KEF and SAF) moved slightly southward from late MIS 5e to early MIS 5d. From 
late MIS 5e to early MIS 5d, well-ventilated intermediate waters again became more 
influential, as indicated by increases in the relative abundances of C. davisiana by 4%, 
13%, and 18% off Kochi, Kashima, and Shimokita, respectively (Fig. 28). Well-ventilated 
intermediate waters during early MIS 5d, however, were less influential than they were 
during late MIS 6, as indicated by the lower relative abundance of C. davisiana during late 
MIS 5d compared with late MIS 6. 
Why did well-ventilated intermediate waters become markedly less influential at the 
three core sites from MIS 6 to MIS 5e? During the glacial period, ventilation was more 
active than at present, and well-ventilated intermediate waters reached as far south as 
the region off Kochi. The marked decreases of C. davisiana from late MIS 6 to early MIS 5e 
suggest that the formation of seasonal sea ice in the North Pacific decreased significantly 
or that the area of ventilation decreased substantially, or both. During the glacial period 
(MIS 2), well-ventilated intermediate waters like the present-day OSIW originated 
primarily in polynyas in the Bering Sea instead of in the Sea of Okhotsk, where the 
seafloor was exposed, and the total amount of well-ventilated intermediate water 
produced was larger than the volume of the modern NPIW (Ohkushi et al., 2003). During 
the last 100 kyr, well-ventilated intermediate water originated from both the Sea of 
Okhotsk and the Bering Sea during MIS 5d to MIS 3, from the Bering Sea around the 
LGM, and from the Sea of Okhotsk after the LGM (Tanaka and Takahashi, 2005). In this 
study, I temporarily refer to well-ventilated intermediate waters during the glacial (MIS 6 
and MIS 5d) and interglacial (MIS 5e) as ‘Glacial North Pacific Intermediate Water 
(GNPIW)’ and ‘NPIW’, respectively (Fig. 29d–f). I attribute the decreased influence of 
well-ventilated intermediate waters from MIS 6 to MIS 5e to a shift in the origin of the 
ventilated waters, and to decrease in the area of ventilation. 
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Fig. 27. SSTs at core sites (a) C9001C, (b) MD012421, and (c) MD012422 during 140–110 ka. 
SSTs are estimated at C9001C and MD012422 by using the transfer function and at MD012421 
by using Tr. Error bars show 1σ (standard deviation). Triangles show age control points. 
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Fig. 28. Relative abundances of Cycladophora davisiana in cores (a) C9001C, (b) MD012421, and 
(c) MD012422 during 140–110 ka. Error bars show 1σ. 
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Fig. 29. (a–c) Horizontal and (d–f) vertical water mass change models around the last 
interglacial period (MIS 5e). (a, d) Late MIS 6, (b, e) MIS 5e (last interglacial period), and (c, f) 
MIS 5d. Stars show the core sites. Abbreviations: SAF, Subarctic Front; KEF, Kuroshio 
Extension Front; ST, Subtropical zone; Ts, Transitional zone; SA, Subarctic zone; ‘GNPIW’, 
‘Glacial North Pacific Intermediate Water’; ‘NPIW’, ‘North Pacific Intermediate Water’; TW, 
Tsugaru Warm Current. 
 
 
 
9.3. Differences in temperature fluctuations at the core sites 
  
The Difference between the maximum and minimum SSTs during 140–110 ka was 4 °C 
off Kochi, 6 °C off Kashima, and 12 °C off Shimokita (Fig. 27). Why was the difference 
larger at higher latitudes? Changes in summer insolation in the Northern hemisphere 
may drive the glacial–interglacial cycles (Kawamura et al., 2007), and changes in summer 
insolation calculated from Earth’s orbital changes are lager at high latitudes (Broecker 
and Denton, 1989; Fig. 30). Thus, the larger summer insolation differences at higher 
latitudes correspond to the larger SST differences at higher latitudes. This correspondence 
implies that larger differences in SSTs at higher latitudes are caused by larger changes in 
insolation of the sea surface at higher latitudes. 
From 18 ka (the LGM) to the present, SSTs also fluctuated over a larger range at higher 
latitudes. Let ΔT be the difference between LGM (MIS 2) SSTs estimated by using transfer 
functions, and observed SSTs at present (Fig. 31; CLIMAP Project Members, 1976). In the 
Northern Hemisphere, ΔT tends to increase toward higher latitudes. Let ΔT′ be the 
difference between SSTs during late MIS 6 and SSTs during MIS 5e (the last interglacial). 
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I compared ΔT′ with ΔT at each of the three core sites (Table 7). I defined the minimum 
late MIS 6 SSTs as the SSTs at the MIS 6 glacial maximum, and for the SSTs of the last 
interglacial period (MIS 5e), I used the values at which SST did not rise markedly in early 
MIS 5e and flatted first (flat part: off Kashima, 124.3–119.0 ka; off Shimokita, 126.6–124.1 
ka) (Table 7). In the region off Kochi, where distinct glacial–interglacial changes in SST 
were not recognized for the SST in the last interglacial period, I used the minimum and 
maximum vales of the flat part (129.0–127.2 ka and 124.0–121.8 ka). In each region, the 
value of ΔT′ was similar to the corresponding value of ΔT. This result suggests that the 
magnitudes of the SST change were similar between the MIS 6 to MIS 5e deglacial and 
the deglaciation following MIS 2. 
During 140–110 ka, the difference between the maximum and minimum relative 
abundances of C. davisiana were 43% off Shimokita, 20% off Kashima, and 7% off Kochi 
(Fig. 28). Thus, the influences of well-ventilated intermediate waters changed more at 
higher latitudes. This result implies that during the glacial period well-ventilated 
intermediate waters were more influential at high latitudes, nearer to the origin of the 
well-ventilated intermediate waters. 
Why were distinct glacial–interglacial changes in SST not recognized off Kochi? To 
answer this question, I compared the changes in surface and intermediate waters during 
140–110 ka (Fig. 32). Because the surface waters off Kochi were always in the subtropical 
zone and the SSTs oscillated around 25 °C, no distinct glacial–interglacial changes were 
recognized. In contrast, glacial to interglacial changes in the influence of well-ventilated 
intermediate waters could be recognized by an abrupt decrease in C. davisiana abundance 
at 129–127 ka. At present, the isotherms in the region off Kochi are widely separated, and 
the SST gradient is gentle (Fig. 33). Therefore, the north–south shifts of water masses 
caused by glacial–interglacial changes resulted in only small SST changes at the core site 
off Kochi. 
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Fig. 30. Variations in summer insolation (William, 2000). The straight horizontal line indicates 
the insolation peaks during the last interglacial (MIS 5e). 
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Fig. 31. Average SST differences between the present and the Last Glacial Maximum (18 ka) in 
relation to latitude (CLIMAP Project Members, 1976). 
 
 
 
Table 7 SST differences between interglacials and glacial maxima at the core sites. 
    This study CLIMAP (1976)* 
    Late MIS 6 MIS 5e 
ΔT' (°C) ΔT (°C) 
  Latitude (°N)  Age (ka) SST (°C) Age (ka) SST (°C) 
Shimokita 41.18 136.3 7.54  126.6  15.12 7.6 6.3 
Kashima 36.02 131.7 14.80  124.3  20.19 5.4 5.1 
Kochi 32.15 133.4 23.25  128.4  24.78 
1.5−3.2 2.7 
        121.8  26.45 
*CLIMAP Project Member (1976) 
ΔT, difference between LGM (MIS 2) SSTs and SSTs at present; ΔT′, difference between SSTs 
during late MIS 6 and SSTs during MIS 5e 
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Fig. 32. (a) SST, (b) relative abundance of Cycladophora davisiana, and (c) oxygen isotope curve 
of foraminifera (Ikehara et al., 2006) in core MD012422 (off Kochi) during 140–110 ka. 
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Fig. 33. Present average annual SST (°C) distribution (Locarnini et al., 2010). Stars show the 
core sites. 
 
 
 
9.4. Phase differences during deglaciation 
 
Comparison of marine environmental changes between surface waters and intermediate 
waters at the MD012421 site off Kashima showed that differences of phase occurred 
during the late MIS 6 to MIS 5e deglacial period. In the region off Kashima, SST increased 
from 17.6 °C at 125.5 ka to 19.3 °C at 125.2 ka, when KEF water replaced transitional 
water (Fig. 34). Corresponding to this surface water change, the relative abundance of C. 
davisiana decreased from 8.4% at 126.6 ka to 4.2% at 126.4 ka. Thus, changes associated 
with the late MIS 6 to early MIS 5e warming were apparent about 1000 years earlier at 
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intermediate depth than at the surface. 
What does this difference of phase suggest? The formation of well-ventilated 
intermediate waters in the region off Kashima is controlled by seasonal sea-ice formation 
at higher latitudes. These findings therefore suggest that responses to glacial–interglacial 
changes occurred earlier at higher latitudes. This result therefore implies that early 
signals of global climatic changes should be observed in high-latitude seas. 
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Fig. 34. (a) SST, (b) relative abundance of Cycladophora davisiana, and (c) oxygen isotopic curve 
of foraminifera (Oba et al., 2006) in core MD012421 (off Kashima) during 140–110 ka. The 
vertical dotted lines at 126.5 ka and 125.4 ka indicate the time points of marked change in the 
relative abundance of C. davisiana and the SST during the deglaciation. 
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10. Conclusions 
 
I used radiolarian assemblages from three sediment cores from off Kochi (32°N), off 
Kashima (36°N), and off Shimokita (41°N) to reconstruct surface and intermediate water 
mass conditions in the northwestern Pacific Ocean around the last interglacial period 
(MIS 5e). The main results are listed below. 
- The Tsugaru Warm Current flowed from the Japan Sea to the region off Shimokita 
during the interglacial period but not during glacial periods. 
- During the last interglacial period, the Kuroshio Extension Front (KEF) was located 
near the latitude of Kashima, and the Subarctic Front (SAF) was located considerably 
north of the latitude Shimokita. 
- During the last interglacial period, there were reductions of cold, oxygen-rich waters at 
intermediate depths at the three core sites. Such reductions indicate weakened 
formation and submergence of cold, oxygen-rich waters at high latitudes in the North 
Pacific. 
- Differences of environmental indices around the last interglacial period (140–110 ka) 
were larger at higher latitudes. In surface waters, this result reflects changes in 
summer insolation, and at intermediate depth it reflects the distance from the 
ventilation area. 
- From late MIS 6 to MIS 5e, intermediate waters off Kashima apparently warmed 
earlier than surface waters. This observation implies that responses to the 
glacial–interglacial changes occurred earlier at high latitudes and that early signals of 
global climatic change should be observed in high latitude seas. 
 
This study revealed the latitudinal and vertical water column environmental changes 
that occurred in the Northwestern Pacific during the last interglacial period, which was as 
warm as or warmer than the present. 
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Appendix 
 
Table 8 Radiolarian taxonomic list. Photographs are shown in Plate. 
Order Spumellaria 
Family Collosphaeridae 
Acrosphaera arktios (Nigrini) (Plate 1.1): Polysolenia arktios Nigrini, 1970, p. 166, pl. 1, 
figs. 4, 5. 
Acrosphaera lappacea (Haeckel) (Plate 1.2): Polysolenia lappacea (Haeckel). Nigrini 
and Moore, 1979, p. S15, pl. 2, figs. 3a, 3b; Acrosphaera lappacea (Haeckel). 
Johnson and Nigrini, 1980, p. 146, pl. 1, fig. 2. 
Acrosphaera spinosa (Haeckel) (Plate 1.3, 5.1): Nishimura and Yamauchi, 1984, p. 17, 
pl. 1, fig. 14. 
Collosphaera invaginata (Haeckel) (Plate 1.4): Buccinosphaera invaginata Haeckel, 
1887, p. 99, pl. 5, fig. 11; Collosphaera invaginata Haeckel. Bjørklund and Goll, 
1979, p. 1317, pl. 3, figs. 1–9. 
Collosphaera tuberosa Haeckel (Plate 1.5): Nigrini and Moore, 1979, p. S1, pl. 1, fig. 1. 
Collosphaera spp. (Plate 1.6): This category includes the following species: 
Collosphaera confosa Takahashi (Plate 5.3), 1991, p. 56, pl. 2, figs. 4, 5; 
Collosphaera huxleyi Müller (Plate 5.9). Takahashi, 1991, p. 56, pl. 2, figs. 8–10; 
Collosphaera macropora Popofsky (Plate 5.2). Takahashi, 1991, p. 56, pl. 2, figs. 
13–18; Collosphaera polygona Haeckel, 1887, p. 96, pl. 5, fig. 13. 
Siphonosphaera spp. (Plate 1.7, 8): This category includes the following species: 
Siphonosphaera socialis Haeckel (Plate 5.7). Takahashi, 1991, p. 59, pl. 4, figs. 
9–12, 15, 16; Siphonosphaera polysiphonia Haeckel (Plate 5.4). Nigrini, 1970, p. 
167, pl. 1, fig. 6. Siphonosphaera martensi Brandt (Plate 5.8). Takahashi, 1991, p. 
59, pl. 4, figs. 4, 5, 7, 8. 
Trisolenia spp. (Plate 1.9, 10): Forms that can be categorized into Genus Trisolenia of 
Bjørklund and Goll (1979). This category includes the following species: Disolenia 
zanguebarica (Ehrenberg) (Plate 4.27). Nigrini and Moore, 1979, p. S5, pl. 1, fig. 3; 
Disolenia quadrata (Ehrenberg) (Plate 5.5). Nigrini and Moore, 1979, p. S3, pl. 1, 
fig. 2;Otosphaera auriculata Haeckel. Nigrini and Moore, 1979, p. S7, pl. 1, fig. 4; 
Otosphaera polymorpha Haeckel. Nigrini and Moore, 1979, p. S9, pl. 1, fig. 5 
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Table 8 (continued) 
Order Spumellaria 
Family Actinommidae 
Actinomma medianum Nigrini (Plate 4.15): Nigrini and Moore, 1979, p. S31, pl.3, figs. 
5, 6. 
Actinomma popofskii (Petrushevskaya) (Plate 4.10): Motoyama and Nishimura, 2005, 
p. 111, figs. 8.3, 8.4. 
Axoprunum stauraxonium Haeckel (Plate 5.6): Nigrini and Moore, 1979, p. S57, pl. 6, 
figs. 2, 3. 
Family Phacodiscidae 
Heliodiscus asteriscus Haeckel (Plate 5.11): Nigrini and Moore, 1979, p. S73, pl. 9, figs. 
1, 2. P. 146 
Heliodiscus echiniscus Haeckel (Plate 6.2): Johnson and Nigrini, 1980, p. 146, pl. 2, fig. 
3. 
Family Coccodiscidae 
Subfamily Artiscinae 
Didymocyrtis tetrathalamus (Haeckel) (Plate 1.11, 12): Sanfilippo and Riedel, 1980, 
p. 1010, text-fig. 4.g. 
Didymocyrtis tetrathalamus coronatus (Haeckel); Ommatartus tetrathalamus 
coronatus (Haeckel). Nigrini and Moore, 1979, p. S53, pl. 6, figs 2a, 2b. 
Didymocyrtis tetrathalamus tetrathalamus (Haeckel) (Plate 6.3): Takahashi, 1991, 
p. 79, pl. 21, figs. 1–14. 
Family Porodiscidae 
Amphirhopalum ypsilon Heackel (Plate 6.1): Nigrini and Moore, 1979, p. S75, pl. 10, 
figs 1a–1e. 
Euchitonia spp. (Plate 1.13, 14): This category includes the following species and 
related immature forms: Euchitonia elegans (Ehrenberg). Nigrini and Moore, 1979, 
p. S83, pl. 11, figs. 1a, 1b; Euchitonia furcata Ehrenberg (Plate 5.17). Nigrini and 
Moore, 1979, p. S85, pl.11, figs. 2a, 2b; Euchitonia sp. (Plate 6.7) Takahashi, 1991, 
p. 81, pl. 16, fig. 11. 
Stylochlamydium venustum (Bailey) (Plate 2.1, 4.3): Ling et al., 1971, p. 711, pl. 1, figs. 
7, 8. 
Stylodictya aculeata Jørgensen (Plate 5.15): Boltovskoy and Vrba, 1988, p. 338, pl. 1, 
figs. 3a, 3b. 
Stylodictya multispina Haeckel (Plate 5.20): Takahashi, 1991, p. 81, pl. 20, figs. 5, 10, 
12. 
Stylodictya validispina Jørgensen (Plate 2.5, 4.7): Nigrini and Moore, 1979, p. S103, pl. 
13, figs. 5a, 5b. 
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Table 8 (continued) 
Order Spumellaria 
Family Spongodiscidae 
Dictyocoryne spp. (Plate 1.15, 16): This category includes the following species and 
related immature forms: Dictyocoryne profunda Ehrenberg (Plate 6.12). Nigrini 
and Moore, 1979, p. S87, pl. 12, fig. 1; Dictyocoryne truncatum (Ehrenberg) (Plate 
6.8). Nigrini and Moore, 1979, p. S89, pl. 12, figs. 2a, 2b. 
Hymeniastrum euclidis Haeckel (Plate 6.5): Nigrini and Moore, 1979, p. S91, pl. 12, fig. 
3. 
Spongaster tetras irregularis Nigrini (Plate 4.28): Nigrini and Moore, 1979, p. S95, pl. 
13, fig. 2. 
Spongaster tetras tetras Ehrenberg (Plate 5.18): Nigrini and Moore, 1979, p. S93, pl. 13, 
fig. 1. 
Spongodiscus resurgens Ehrenberg (Plate 4.8): Boltovskoy and Riedel, 1987, p. 98, pl. 2, 
fig. 24 
Spongotrochus glacialis Popofsky (Plate 4.4): Motoyama and Nishimura, 2005, p. 111, 
figs. 9.8, 9.9. 
Family Pyloniidae 
Hexapyle dodecantha Heackel (Plate 5.12): Renz, 1976, p. 113, pl. 1, fig. 11. 
Octopyle stenozona Haeckel (Plate 1.18): Nigrini and Moore, 1979, p. S123, pl. 16, figs 
2a, 2b. 
Phorticium polycladum Tan and Tchang (Plate 4.24): Chen and Tan, 1996, p. 199, pl. 
23, figs. 12, 13. 
Phorticium pylonium Haeckel (Plate 6.14): Nigrini and Lombari, 1984, p. S85, pl. 12, 
figs. 2a, 2b. 
Tetrapyle octacantha Müller (Plate 1.17, 6.11): Nigrini and Moore, 1979, p. S125, pl. 16, 
figs. 3a, 3b. 
Family Litheliidae 
Larcopyle buetschlii Dreyer (Plate 2.6): Nigrini and Moore, 1979, p. S131, pl. 17, figs. 
1a, 1b. 
Larcospira quadrangula Haeckel (Plate 6.4): Nigrini and Moore, 1979, p. S133, pl. 17, 
fig. 2. 
Lithelius minor Jørgensen (Plate 4.12): Nigrini and Moore, 1979, p. S135, pl. 17, figs. 3, 
4. 
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Table 8 (continued) 
Order Nassellaria 
Suborder Spyrida 
Acanthodesmia vinculata Müller (Plate 5.21): Boltovskoy and Riedel, 1987, p. 99, pl. 3, 
fig. 8. 
Ceratosptris borealis Bailey (Plate 4.2): Nigrini and Moore, 1979, p. N9, pl. 19, figs. 
1a–1d. 
Tholospyris sp. Chen and Tan (Plate 6.10), 1996, p. 203, pl. 25, figs. 7−10, pl. 47, figs. 
6–8. 
Zygocircus cf. pisciaudatus Popofsky (Plate 6.9): Renz, 1976, p. 171, pl. 8, fig. 3. 
Zygocircus productus (Hertwig) (Plate 5.13): Goll, 1979, p. 380, pl. 1, figs. 1–15, pl. 2, 
figs. 1–9. 
Suborder Cyrtida 
Family Plagoniidae 
Lithomelissa setosa Jørgensen (Plate 4.6): Takahashi, 1991, p. 97, pl. 25, figs. 16–22. 
Lophophaena cf. capito Ehrenberg (Plate 5.10): Takahashi and Honjo, 1981, p. 171, 
pl. 6, fig. 22. 
Lophophaena hispida (Ehrenberg) (Plate 5.14): Nishimura and Yamauchi, 1984, p. 
46, pl. 32, figs. 6, 7. 
Pseudodictyophimus spp. (Plate 2.2, 3): This category includes the following species: 
Pseudodictyophimus gracilipes (Bailey) (Plate 4.9). Petrushevskaya, 1971, p. 93, 
figs. 47–49. 
Family Theoperidae 
Cycladophora bicornis (Popofky) (Plate 4.11): Motoyama and Nishimura, 2005, p. 113, 
figs. 10.29–10.31. 
Cycladophora cornutoides Kling (Plate 4.1): Motoyama, 1997, p. 56, pl. 1, figs. 1–3. 
Cycladophora davisiana Ehrenberg (Plate 3): Motoyama, 1997, p. 60, pl. 1, figs. 4–10. 
Eucyrtidium acuminatum (Ehrenberg) (Plate 4.22): Nigrini and Moore, 1979, p. N61, 
pl. 24, figs. 3a, 3b. 
Lithopera bacca Ehrenberg (Plate 4.19): Renz,1976, p. 133, pl. 5, fig. 12. 
Lophophaena buetschlii (Harckel). Petrushevskaya, 1971, p. 109, figs. 
58.1–58.10. 
Pterocanium korotnevi (Dogiel) (Plate 2.4, 4.5): Nigrini and Moore, 1979, p. N39, pl. 
23, figs. 1a, 1b. 
Pterocanium praetextum praetextum (Ehrenberg) (Plate 4.16): Nigrini and Moore, 
1979, p. N41, pl. 23, fig. 2. 
 - 79 - 
Table 8 (continued) 
Order Nassellaria 
Suborder Cyrtida 
Family Carpocaniidae 
Carpocanistrum acutidentatum Takahashi (Plate 5.19), 1991, p. 132, pl. 45, figs. 9, 
13–15. 
Carpocanistrum cephalum Haeckel (Plate 4.26): Takahashi, 1991, p. 131, pl. 45, figs. 
5, 12; Carpocanistrum sp. A Nigrini and Moore, 1979, p. N25, pl. 21, fig. 2. 
Carpocanistrum favosum (Haeckel) (Plate 4.25): Takahashi, 1991, p. 131, pl. 45, fig. 
8. 
Carpocanistrum flosculum Haeckel (Plate 4.23): Takahashi, 1991, p. 130, pl. 45, figs. 
4, 6–7; Carpocanistrum spp. Nigrini and Moore, 1979, p. N23, pl. 21, figs. 1b–c. 
Carpocanopsis obovata Tan and Su (Plate 6.6): Chen and Tan, 1996, p. 230, pl. 35, 
figs. 4, 5. 
Family Pterocorythidae 
Pterocorys clausus (Popofsky) (Plate 4.13): Kling, 1979, p. 311, pl. 2, fig. 22. 
Pterocorys zanclaeus Müller (Plate 4.21): Nigrini and Moore, 1979, p. N85, pl. 25, 
figs. 11a, 11b. 
Theocorythium trachelium dianae (Haeckel) (Plate 4.20): Nigrini and Moore, 1979, p. 
N97, pl. 26, figs. 3a, 3b. 
Theocorythium trachelium trachelium (Ehrenberg) (Plate 4.18): Nigrini and Moore, 
1979, p. N93, pl. 26, fig. 2. 
Family Artostrobiidae 
Spirocyrtis subscalaris Nigrini (Plate 4.14), 1977, p. 259, pl. 3, figs. 1, 2. 
Family Cannobotrythidae 
Botryocyrtis scutum (Harting) (Plate 5.16): Nigrini and Moore, 1979, p. N105, pl. 28, 
figs. 1a, 1b. 
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Plate 
Photographs of radiolarians. Scale bar = 100 µm. Species names are followed by core 
name and depth (cf. Table 7–9). 
 
Plate 1 
  Warm-water species 
1. Acrosphaera arktios, MD012421, 45.09 m 
2. Acrosphaera lappacea, MD012421, 29.05 m 
3. Acrosphaera spinosa, MD012421, 41.00 m  
4. Collosphaera invaginata, MD012421, 41.25 m 
5. Collosphaera tuberosa, MD012421, 38.87 m 
6. Collosphaera spp., MD012421, 35.84 m 
7, 8. Siphonosphaera spp., MD012421; 7, 36.84 m; 8, 44.39 m 
9, 10. Trisolenia spp., MD012421; 9, 39.33 m; 10, 38.47 m 
11, 12. Didymocyrtis tetrathalamus, MD012421; 11, 40.52 m; 12, 41.82 m 
13, 14. Euchitonia spp., MD012421; 13, 35.06 m; 14, 37.54 m 
15, 16. Dictyocoryne spp., MD012421; 15, 35.54 m; 16, 38.34 m 
17. Tetrapyle octacantha, MD012421, 40.32 m 
18. Octopyle stenozona, MD012421, 44.39 m 
 
Plate 2 
Cool-water species 
1. Stylochlamydium venustum, MD012421, 43.32 m 
2, 3. Pseudodictyophimus spp., MD012421; 2, 43.96 m; 3, 36.24 m 
4. Pterocanium korotnevi, MD012421, 41.82 m 
5. Stylodictya validispina, MD012421, 41.20 m 
6. Larcopyle buetschlii, MD012421, 41.30 m 
 
Plate 3 
Cycladophora davisiana 
1. MD012421, 44.39 m 
2. MD012421, 36.84 m 
3. MD012422, 24.73 m 
4. C9001C, 65.39 m 
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Plate 4 
Species used the transfer function 
1. Cycladophora cornutoides, MD012422, 24.73 m 
2. Ceratospyris borealis, MD012422, 24.91 m 
3. Stylochlamydium venustum, MD012422, 1.49 m 
4. Spongotrochus glacialis, MD012422, 24.37 m 
5. Pterocanium korotnevi, MD012422, 27.69 m 
6. Lithomelissa setosa, MD012422, 25.69 m 
7. Stylodictya validispina, MD012422, 25.11 m 
8. Spongodiscus resurgens, MD012422, 24.73 m 
9. Pseudodictyophimus gracilipes, C9001C, 79.77 m 
10. Actinomma popofskii, MD012422, 0.01 m 
11. Cycladophora bicornis, C9001C, 79.77 m 
12. Lithelius minor, C9001C, 79.77 m 
13. Pterocorys clausus, MD012422, 28.48 m 
14. Spirocyrtis subscalaris, MD012422, 24.73 m 
15. Actinomma medianum, MD012422, 1.49 m 
16. Pterocanium p. praetextum, MD012422, 0.01 m 
17. Hexacontium pachydermum, MD012422, 24.73 m 
18. Theocorythium t. trachelium, MD012422, 25.11 m 
19. Lithopera bacca, MD012422, 28.48 m 
20. Theocorythium t. diannae, MD012422, 0.01 m 
21. Pterocorys zanclaeus, MD012422, 28.48 m 
22. Eucyrtidium acuminatum, MD012422, 24.73 m 
23. Carpocanistrum flosculum, MD012422, 25.11 m 
24. Phorticium polycladum, MD012422, 0.01 m 
25. Carpocanistrum favosum, MD012422, 25.86 m 
26. Carpocanistrum cephalum, MD012422, 21.04 m 
27. Disolenia zanguebarica, MD012422, 0.01 m 
28. Spongaster t. irregularis, MD012422, 27.69 m 
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Plate 5 
Species used the transfer function 
1. Acrosphaera spinosa, MD012422, 24.37 m 
2. Collosphaera macropora, MD012422, 24.73 m 
3. Collosphaera confosa, MD012422, 10.44 m 
4. Siphonosphaera polysiphonia, MD012422, 1.49 m 
5. Disolenia quadrata, MD012422, 27.69 m 
6. Axoprunum stauraxonium, MD012422, 25.31 m 
7. Siphonosphaera socialis, MD012422, 24.73 m 
8. Siphonosphaera martensi, MD012422, 1.49 m 
9. Collosphaera huxleyi, MD012422, 24.37 m 
10. Lophophaena cf. capito, MD012422, 25.11 m 
11. Heliodiscus asteriscus, MD012422, 2.98 m 
12. Hexapyle dodecantha, MD012422, 0.01 m 
13. Zygocircus productus, MD012422, 24.73 m 
14. Lophophaena hispida, MD012422, 25.11 m 
15. Stylodictya aculeata, MD012422, 1.49 m 
16. Botryocyrtis scutum, MD012422, 0.01 m 
17. Euchitonia furcata, MD012422, 0.01 m 
18. Spongaster t. tetras, MD012422, 25.11 m 
19. Carpocanistrum acutidentatum, MD012422, 25.11 m 
20. Stylodictya multispina, MD012422, 24.37 m 
21. Acanthodesmia vinculata, MD012422, 25.11 m 
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Plate 6 
Species used the transfer function 
1. Amphirhopalum ypsilon, MD012422, 25.11 m 
2. Heliodiscus echiniscus, MD012422, 0.01 m 
3. Didymocyrtis t. tetrathalamus, MD012422, 24.37 m 
4. Larcospira quadrangula, MD012422, 24.37 m 
5. Hymeniastrum euclidis, MD012422, 27.69 m 
6. Carpocanopsis obovata, MD012422, 2.98 m 
7. Euchitonia sp., MD012422, 28.48 m 
8. Dictyocoryne truncatum, MD012422, 10.44 m 
9. Zygocircus cf. piscicaudatus, MD012422, 24.37 m 
10. Tholospyris sp., MD012422, 25.86 m 
11. Tetrapyle octacantha, MD012422, 24.73 m 
12. Dictyocoryne profunda, MD012422, 24.37 m 
13. Stylochlamydium asteriscus, MD012422, 26.61 m 
14. Phorticium pylonium, MD012422, 24.73 m 
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Table 9−11 Radiolarian count lists. Numbers of radiolarian species are count numbers (no.). 
 
Table 9 MD012422 
 
Table 10 MD012421 
 
Table 11 C9001C 
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Table 10 (continued) 
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